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REACTION  OF  DISODIUM  CROMOGLYCATE  WITH 
HYDRATED  ELECTRONS 

Ai.asdair  J.  Carmichaix.  Carmen  M.  Arroyo*,  and  Lorris  G.  Cockfriiam** 

Radiation  Sciences  and  Physiology  Departments.  Armed  Forces  Radiobiology  Research  Institute  Bethesda.  MD  20814-  5145 

tReeeiveil  6  Juh  1987.  Actepletl  21  Jtth  I987l 

Abstract — A  possible  mechanism  by  which  disodium  cromoglycate  (DSCG)  prevents  a  decrease  in  regional 
cerebral  blood  flow  but  not  hypotension  in  primates  following  whole  body  gamma-irradiation  was  studied.  Several 
studies  have  implicated  superoxide  radicals  ^)  • )  in  intestinal  and  cerebral  vascular  disorders  following  ischemia 
and  ionizing  radiation,  respectively.  O  •  is  formed  during  radiolysis  in  the  reaction  between  hydrated  electrons 
(e.,M)  and  dissolved  oxygen.  For  this  reason,  the  efficiency  of  DSCG  lo  scavenge  C^.and  possibly  prevent  the 
formation  of  0:  '  was  studied.  Hydrated  electrons  were  produced  by  photolysis  of  potassium  ferrocyanidc  solutions, 
t  he  rate  constant,  k  -  2.92  x  10'"  M  "’s'1  for  the  reaction  between  e^  and  DSCG  was  determined  in  competition 
experiments  using  the  spin  trap  5.5-dimcthyl- 1 -pyrroline-iV-oxide  (DMPO).  This  spin  trap  reacts  rapidly  with 
e,H  followed  by  protonation  to  yield  the  HSR  observable  DMPO-H  spin  adduct  The  results  show  that  DSCG  is  an 
efficient  cJV  scavenger  and  may  effectively  compete  with  oxygen  for  eJM  preventing  the  radioly tie  formation  of 
O 

Keywords — Disodiuni  cromoglycate.  Cromolyn.  Hydrated  electrons.  Spin  trapping.  Electron  spin  resonance  f - 


INTRODUCTION 

A  marked  decrease  in  regional  cerebral  blood  flow  and 
hypotension  have  been  observed  in  primates  following 
their  supralethal  exposure  to  whole  body  gamma-ir¬ 
radiation.1  These  effects  may  in  some  manner  be  as¬ 
sociated  with  the  phenomena  known  as  performance 
decrement  (PD)  and  early  transient  incapacitation  (KTI).: 
Disodium  cromoglycate  (DSCG).  a  mast  cell  stabilizer 
(Fig.  I),  has  been  shown  to  inhibit  the  decrease  in 
cerebral  blood  flow  but  not  the  hypotension.'  Since 
superoxide  radicals  (O.  •  )  have  been  involved  in  several 
vascular  disorders  following  ischemia  and  ionizing  ra¬ 
diation.4  h  it  is  of  interest  to  this  work  to  study  the 
possibility  that  DSCG  may  inhibit  the  radiolvtic  for¬ 
mation  of  O;  •  During  gamma-radiolysis.  ()>•  are 
formed  by  the  direct  interaction  of  hydrated  electrons 
(e,llt)  with  dissolved  oxygen.  For  this  reason,  the  re¬ 


action  of  e.,q  with  DSCG  was  studied  in  order  to  de¬ 
termine  whether  DSCG  is  an  effective  scanvenger.  pos¬ 
sibly  preventing  the  formation  of  (Y-  .  The  reactions 
were  studied  using  the  method  of  spin  trapping  and 
electron  spin  resonance  (FSR).  Spin  trapping  consists 
of  reacting  a  short  lived  free  radical  with  a  spin  trap, 
usually  a  nitrone  or  nitroso  compound,  to  form  a  longer 
lived  nitroxide  spin  adduct  which  can  be  identified  by 
ESR.’"1  Hydrated  electrons  react  rapidly  with  the  spin 
trap  5.5-dimethyl- 1  -pyrroline-.V-oxide  (DMPO)  which 
is  subsequently  protonated  forming  the  DMPO — H  spin 
adduct.  The  rate  of  this  reaction  (f  =  2  x  1()'"M  's  ') 
is  approximately  equal  to  the  rate  of  the  reaction  be¬ 
tween  ejq  and  oxygen  (it  =  2.2  x  10'"  M  's  '). 
These  properties  make  spin  trapping  a  reliable  system 
to  study  the  competition  kinetics  of  eu|  with  DMPO 
and  DSCG 
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Disodium  cromoglycate  was  obtained  in  pure  form 
from  Fisons  (Bedtord.  MA).  Glyeylglyeine  was  ob¬ 
tained  from  Sigma  (St  Louis,  MO).  The  spin  traps  2- 
methyl-2-nitrosopropane  (MNP)  and  DMPO  were  pur- 
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chased  from  Aldrich  (Milwaukee.  Wl).  MNP  was  used 
without  further  purification  and  was  dissolved  by  stir¬ 
ring  overnight  at  a  concentration  of  I  ttig/ml.  DMPO 
was  purified  using  the  method  described  by  Buettner 
and  Oberley."  Ibis  method  consists  of  successively 
treating  the  DMPO  with  activated  charcoal  until  all 
free  radical  impurities  disappear  as  verified  by  HSR . 
The  concentration  of  DMPO  was  measured  spectro- 
photometrically  (X  227  nm.  e  -  8  x  10’  M  1 
cm 

Ilydrateil  electrons  were  generated  by  photolysis  (212 
nm)  of  potassium  ferrocyanide.  Samples,  with  ami 
w  ithout  DSC'Ci,  containing  the  spin  trap  and  potassium 
ferrocyanide  were  placed  in  a  standard  HSR  quart/  flat 
cell  (60  x  10  x  0.25  mm)  and  phololy/cd  in  situ  in 
the  HSR  cavity.  A  1000  W  Hg-Xe  arc  lamp  with  a 
Schoeffle  grating  monochromator  was  used  to  pho- 
toirradiate  the  samples  The  reactions  w  ere  carried  out 
in  air-saturated  and  nitrogen-saturated  solutions:  how¬ 
ever.  the  low  concentration  of  oxygen  in  the  air-sat¬ 
urated  solutions,  in  comparison  with  other  reactants, 
made  no  difference  in  the  results.  The  HSR  spectra 
were  recorded  on  a  Varian  K- 100  X-band  spectrometer 
at  100  mil/  magnetic  field  modulation.  The  magnetic 
field  was  set  at:  2208  (I;  modulation  amplitude:  0.5  (i; 
microwave  power:  10  mW;  microwave  frequency:  0.510 
(ill/.  For  the  kinetic  experiments  the  accuracy  of  the 
KSR  measurements  was  *  I0'/H 

RKSPI.IS  AND  DISCI  SSION 

Two  experiments  were  done  to  verify  that  e„,  were 
produced  during  the  photolysis  (212  nm)  of  potassium 
ferrocyanide.  In  the  first  experiment,  a  solution  of  po¬ 
tassium  ferrocyanide  (0. 1  M)  containing  DMPO  (0.01 
M)  was  photoly/ed  generating  the  HSR  spectrum  shown 
in  Figure  2b.  This  spectrum  consists  of  a  primary  ni¬ 
trogen  triplet  with  each  of  the  lines  split  into  triplets 
in  a  1:2:1  pattern  due  to  the  interaction  of  the  unpaired 
nitroxide  electron  w  ith  two  (2  hydrogens.  The  hyperfine 
coupling  constants.  as  16,6  (i  and  a)’,  22.5  (i. 

are  consistent  with  the  hydrogen  spin  adduct  of  DMPO 
(DMPO  II).  It  is  known  that  e,M  lead  rapidly  with 
DMPO  (A  2  x  K)1"  M  's  ')  followed  hv  proton - 
ation  to  lorm  the  DMPO  II  spin  adduct  '  In  (he  sec¬ 


ond  experiment  a  potassium  ferrocyanide  solution  (0  I 
M)  containing  MNP  (0.01  M)  and  glycylglvcinc  (01 
M)  were  photoly/ed  generating  the  HSR  spectrum  ob¬ 
served  in  Figure  2d.  This  spectrum  also  consists  of  a 
triplet  of  triplets  with  the  secondary  triplet  split  into  a 
1:2:1  pattern  due  to  an  equal  interaction  of  the  un¬ 
paired  nitroxide  electron  with  two  (2  hydrogens.  Hy¬ 
drated  electrons  react  rapidly  with  dipeptides  (A  10“ 
M  's  ')  deaminating  them  and  forming  a  carbon  cen¬ 
tered  radical  which  is  readily  spin  trapped  by  MNP.  ’’ 
The  hyperfine  coupling  constants.  aN  15  5  0  and 
a|J  8.85  (i.  m  Figure  2d  are  identical  to  those  pre¬ 
viously  reported  for  the  deaminated  glycylglvcinc  spin 
adduct  of  MNP"  The  results  shown  in  Figure  2  in  - 
dicate  that  e„(  are  produced  during  (lie  photolysis  of 
potassium  ferrocyanide  solutions. 

To  determine  whether  DSC’Ci  is  an  efficient  hy  drated 
electron  scavenger,  several  solutions  containing  po¬ 
tassium  ferrocyanide  (0.1  M).  DMPO  (0.01  M)  and 
varying  concentrations  of  DSC’Ci  were  photoirradiated 
(  212  nm).  The  results  are  shown  in  Figure  2  and  clearly 
indicate  that  there  is  an  inverse  relationship  between 
the  DSC’Ci  concentration  and  the  DMPO  II  HSR  sig¬ 
nal  intensitv  These  results  indicate  the  DSC’Ci  effcc- 
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1  ii!  >  INK  spec  Ira  ol  non  illuminated  controls  |(.i)  ami  tc)|  and 
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A. 


No  DSCG 

Receiver  Gam  5  x  10^ 


0 002 M  DSCG 
Receiver  Gam  8x10*^ 


0  01  M  DSCG 
Receiver  Gain  4x10^ 


1 — -  0.1  M  DSCG 

Receiver  Gain  1  25  x  10~ 

>'w  »/. 

big  3  F.SR  spectra  following  photolysis  (313  nml  of  solutions 
containing  potassium  ferrocyanitle  (0.1  Ml.  DMPO  (0.01  Ml  and 
varying  concentrations  of  DSCG 


lively  competes  with  DMPO  for  the  ejq  produced  in  the 
photoirradiated  solutions. 

It  is  of  interest  to  determine  the  rate  of  the  reaction 
between  ejq  and  DSCG.  However,  prior  to  calculating 
this  reaction  rate  the  instability  of  DMPO — H  (f,  :  — 

1  min)  must  be  considered. 12  For  this  reason,  an  ex¬ 
periment  measuring  the  formation  of  DMPO — H  in 
time  was  necessary.  Several  solutions,  each  containing 
equal  concentrations  of  potassium  ferrocyanide  (0. 1 
M)  and  an  equal  concentration  of  DMPO  (0.01  M)  were 
photoirradiated  for  various  lengths  of  time  and  their 
ESR  spectra  recorded.  Figure  4a  shows  the  intensity 
of  the  DMPO — H  low  field  ESR  line  plotted  against 
the  time  of  photoirradiation.  This  result  shows  that  the 
formation  of  DMPO — H  rapidly  reaches  a  maximum, 
at  which  point  its  rate  of  decomposition  predominates 
over  its  rate  of  formation  leading  to  a  decrease  in  the 
DMPO — H  ESR  signal  intensity.  It  is  clear  from  Figure 
4a  that  for  any  kinetic  measurement  involving  DSCG 
and  DMPO.  the  DMPO — H  ESR  signal  should  be  mea¬ 
sured  within  the  first  few  seconds  of  photoirradiation. 
Figure  4b  shows  the  decrease  in  DMPO — H  ESR  signal 
intensity  when  several  potassium  ferrocyanide  (0. 1  M) 
solutions  containing  DMPO  (0.01  M)  and  different 
concentrations  of  DSCG  were  photoirradiated  (313  nm). 
In  this  case  the  low  field  DMPO — H  ESR  line  was 
measured  immediately  beginning  light  irradiation  of 
the  sample. 


The  rate  constant  for  the  reaction  between  hydrated 
electrons  and  DSCG  can  be  determined,  from  the  data 
in  Figure  4b,  using  the  equation  for  determining  rate 
constants  in  pulse  radiolysis  experiments. 14  This  is  pos¬ 
sible  because  similar  to  pulse  radiolysis  measurements, 
in  the  ESR  experiments  in  this  work  there  are  two 
competing  reactions  (Eqs.  I  and  2)  from  which  only 
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Fig  4  (a)  Low  field  DMPO — H  HSR  signal  intensity  versus  time 
of  photo-irradiation  (313  nm).  (b)  Low  field  DMPO — H  HSR  signal 
intensity  immediately  starting  photoirradiation  (313  nm)  versus  vary¬ 
ing  concentrations  of  DSCG  (c)  Kinetic  plot  of  parameters  in  Kq 
3  in  which  the  slope.  2 3)2  >•  I0,r  M  ‘s  1 .  is  equal  to  the  rate 
constant  for  the  reaction  between  hydrated  electrons  and  DSCG  All 
solutions  contained  0  I  M  potassium  ferrocyanide  and  0.01  M  DMPO 
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one  generates  an  ESR  observable  product  (Eq.  1)  and  produced  radiolytically  and  thus  prevent  the  formation 

has  a  known  rate  constant  (A:,  =  2  x  10'°  M  's  ').  of  O,7 . 


DMPO  +  ea“  -iU  DMPO — H 

(ESR  observable  product)  (1) 

DSCG  +  e^  — — *  P 

(nonobservable  product)  (2) 

Since  DMPO  and  DSCG  will  react  with  hydrated  elec¬ 
trons  proportionally  to  the  product  of  their  concentra¬ 
tions  and  the  rate  constants  of  their  respective  reactions 
(Eqs.  1  and  2),  the  competition  kinetics  is  given  by 
the  following  equation  (Eq.  3): 


(DMPO—  H)0  _  i  +  C  | DSCG | 


(DMPO— H) 


kt  | DMPO | 


where.  (DMPO — H)u  =  ESR  signal  intensity  of 
DMPO — H  in  the  absence  of 
DSCG 

(DMPO — H)  =  ESR  signal  intensity  of 
DMPO — H  in  the  presence  of 
DSCG 

[DMPOl  -  concentration  of  DMPO 
(DSCG |  =  concentration  of  DSCG 


Plotting  (DMPO — H)„/(DMPO—H)  against  IDSCG// 
(DMPOl  (Fig.  4c).  a  linear  relationship  is  obtained  in 
which  the  slope  of  the  straight  line  is  equal  to  the  ratio 
of  the  constants.  k2/k ,.  for  Eqs.  1  and  2.  Therefore, 
knowing  the  rate  constant  for  Eq.  1 .  the  rate  constant 
for  Eq.  2.  k:  =  2.92  x  I01'1  M  's  is  easily 
determined. 

Since  DMPO  and  oxygen  react  with  eJ1(  at  approx¬ 
imately  the  same  rate,  the  results  obtained  for  DSCG 
indicate  that  DSCG  is  an  efficient  hydrated  electron 
scavenger.  Furthermore,  the  results  also  suggest  that 
DSCG  may  effectively  compete  with  oxygen  for  ejq 
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Abstract — In  an  attempt  to  elucidate  mechanisms  underlying  the  irradiation- induced  decrease  in  regional  cerebral 
blood  flow  irCBF)  in  primates,  hippocampal  and  hypothalamic  blood  flows  of  rhesus  monkeys  were  measured  bv 
hydrogen  clearance,  before  and  after  exposure  to  100  Gy.  whole  body,  gamma  irradiation  Systemic  blood  pressures 
were  monitored  simultaneously.  Compared  to  control  animals,  the  irradiated  monkeys  exhibited  an  abrupt  decline 
in  systemic  blood  pressure  to  35%  of  the  preirradiation  level  within  10  min  postirradiation,  falling  to  12%  by 
60  min  A  decrease  in  hippocampal  blood  flow  to  32 %  of  the  preirradiation  level  was  noted  at  10  min  postirradiation, 
followed  by  a  slight  recovery  to  43%  at  30  min  and  a  decline  to  23%  by  60  min  The  hypothalamic  blood  flow 
of  the  same  animals  showed  a  steady  decrease  to  43%  of  the  preirradiation  levels  by  60  min  postirradiation  The 
postradiation  systemic  blood  pressure  of  the  allopunnol  treated  monkeys  was  not  statistically  different  from  the 
untreated,  mradiated  monkeys  and  was  statistically  different  from  the  control  monkeys.  However,  the  treated, 
irradiated  monkeys  displayed  rCBF  values  that  were  not  significantly  different  from  the  nonirradiated  controls 
These  findings  suggest  the  involvement  of  free  radicals  in  the  postirradiation  decrease  in  regional  cerebral  blood 
flow  but  not  necessarily  in  the  postirradiation  hypotension  seen  in  the  primate 

Keywords — Allopurinol.  Cerebral  blood  flow.  Free  radicals.  Hippocampus.  Hypothalamus.  Radiation 


INTRODUCTION 

Early  transient  incapacitation  <ETl)  is  the  complete 
cessation  of  motor  performance,  occurring  transiently 
and  withtn  the  first  30  min  following  exposure  to  su- 
pralethal  doses  of  ionizing  irradiation.1  Studies  have 
reported  severe  decreases  in  regional  cerebral  blood 
How  irCBFt  in  primates  at  the  same  postirradiation 
time  after  receiving  supralethal  doses  of  gamma  irra¬ 
diation.  One  study4  demonstrated  a  dramatic  fall  of 
total  cerebral  blood  flow  following  a  single,  25  Gy,'10 
Co  exposure 

The  irradiation-induced  reduction  in  cerebral  blood 
tlow  may  employ  intermediate  mediators  such  as  free 
radicals'  produced  with  exposure  to  ionizing  irradia¬ 
tion  '  4  Free  radical  interactions  have  been  implicated 
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in  a  large  number  of  pathological  conditions  including 
irradiation  injury,  ischemia,  microvascular  injury,  and 
cell  membrane  damage.6 '  4'i:  The  triphasic  cerebral 
ischemic  response  seen  after  irradiation2  3  may  be  even 
more  damaging  than  complete  ischemia1’  since  reper- 
fuston  may  lead  to  the  formation  of  additional  free 
radicals.14 15  A  possible  mode  of  pharmacologic  inter¬ 
vention  may  be  the  introduction  of  superoxide 
dismutase'6 or  allopunnol'5  r  since  both  have  been 
used  to  attenuate  the  biochemical  and  functional  dam¬ 
age  usually  associated  with  free  radical  production 
This  study  was  designed  to  determine  whether  the 
inhibition  of  free  radical  formation  via  the  preirradia- 
tion  administration  of  allopunnol  would  be  successful 
in  altenng  the  postirradiation  hypotension  and  reduced 
rCBF.  Two  regions  of  the  brain  previously  studied.  ' 
the  hippocampus  and  the  hypothalamus,  were  selected 
for  the  determination  of  blood  tlow  in  this  study  since 
a  dramatic,  postirradiation  decrease  in  blood  tlow  has 
been  reported  in  these  areas. 
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MATERIALS  AND  METHODS 

Seventeen  rhesus  monkeys  ( Macaco  mulatto ). 
weighing  between  2  6  and  3  8  kg  (3.1  -  0.26  SEM) 
were  used  in  this  study.  The  animals  were  divided 
randomly  into  three  groups  as  follows:  Group  1 — six 
sham-irTadiated  monkeys;  Group  II — six  irradiated 
monkeys;  and  Group  III — five  monkeys  given  allo- 
purinol  orally  1 50  mg  kg)  for  2  days  prior  to  irradia¬ 
tion.1’  Food  was  withheld  from  all  animals  for  18  h 
before  the  experiment,  but  water  was  available  ad  li¬ 
bitum.  Research  was  conducted  according  to  the  prin¬ 
ciples  enunciated  in  the  "Guide  for  the  Care  and  Use 
of  Laboratory  Animals"  prepared  by  the  Institute  of 
Laboratory  Animal  Resources,  National  Research 
Council.  The  monkeys  were  initially  anesthetized  in 
their  cages  with  an  l.m  injection  of  Ketamine  hydro¬ 
chloride  (20  mg,  kg)  with  0  015  mg/kg  Atropine  sul¬ 
fate  and  were  then  moved  to  the  laboratory  where  the 
remainder  of  the  experiment  was  conducted. 

A  systemic  venous  catheter  was  used  to  administer 
physiological  saline  and  the  primary  anesthetic,  a- 
Chloralose  ( 100  mg),  with  supplemental  infusions  pro¬ 
vided  as  needed,  based  on  heart  rate,  blood  pressure, 
respiration  rate,  blood  pH,  and  peripheral  reflexes.  A 
femoral  arterial  catheter  was  used  to  withdraw  blood 
for  blood  chemistry  and  blood  gas  determinations  and 


Regional  cerebral  blood  flow  was  measured  by  the 
hydrogen  clearance  technique  for  30  min  before  irra¬ 
diation  or  sham-irradiation  and  for  60  min  after  ;o;: 
This  technique  is  essentially  an  amperometnc  method, 
which  measures  the  current  induced  in  a  platinum  elec¬ 
trode  by  the  reduction  of  hydrogen.  The  current  pro¬ 
duced  has  a  linear  relationship  with  the  concentration 
of  hydrogen  in  the  tissue.”  Hydrogen  was  introduced 
into  the  blood  via  inhalation  through  the  endotracheal 
tube  at  a  rate  of  approximately  5 %  of  the  normal  res¬ 
piratory  intake  for  each  flow  measurement  Blood  flow 
was  measured  by  each  of  the  four  electrodes  every 
10  min.  The  electrodes  were  maintained  electrically  at 
+  600  mV  in  respect  to  the  reference  electrode,  to 
reduce  possible  oxygen  and  ascorbate  interference 
This  method  has  been  successfully  employed  in  several 
similar  studies. :  18 

After  30  min  of  recording,  the  animals  were  dis¬ 
connected  from  the  respirator  and  recording  apparatus 
to  facilitate  irradiation  in  a  separate  room  The  animals 
were  reconnected  to  the  respirator  and  recording  ap¬ 
paratus  at  4  min  postin-adiation  or  sham-irradiation  and 
measurements  were  continued  for  a  minimum  of 
60  min.  At  30  and  10  min  prcm-adiation  or  sham-ir- 
radiation,  and  at  6.  15,  30.  45.  and  60  min  postinra- 
diation  or  sham-irradiation,  blood  samples  were  taken 


to  measure  systemic  arterial  blood  pressure  via  a 
Stathem  P23  Db  pressure  transducer. 

Approximately  2  h  before  irradiation  or  sham-irra- 
diation.  the  animals  were  intubated  with  a  cuffed  en¬ 
dotracheal  tube  and  ventilated  using  a  forced  volume 
respirator  to  maintain  a  stable  blood  pH  and  oxygen 
tension  After  insertion  of  the  endotracheal  tube,  each 
animal  was  placed  on  a  circulating  water  blanket  to 
maintain  body  temperature  between  36°  and  38°C.  A 
rectal  probe  was  inserted  to  monitor  body  temperature. 

The  animal  s  head  was  positioned  on  the  headholder 
of  a  stereotaxic  instrument  (David  Kopf  Instruments. 
Tujunga.  CA)  and  the  scalp  shaved  and  incised,  allow¬ 
ing  access  to  the  skull.  Using  the  stereotaxic  micro¬ 
manipulator.  the  skull  was  marked  for  insertion  of  four 
electrodes  and  small  burr  holes  were  drilled  through 
the  skull  at  these  marks.  Again,  using  the  microma- 
mpulator,  one  electrode  was  placed  in  the  left  and  one 
in  the  right  hippocampus. ”  In  the  same  manner,  one 
electrode  was  placed  in  the  left  and  one  in  the  right 
supraoptic  nucleus  of  the  hypothalamus.  The  elec¬ 
trodes  were  Teflon-coated,  platinum-indium  wire  of 
0  178  mm  diameter,  encased  in,  but  insulated  from, 
rigid  stainless  steel  tubing  (22  gauge  spinal  needle) 
with  exposed  tips  of  approximately  2  mm.  The  exposed 
dura  was  covered  with  moistened  pledgetts  and  the 
electrodes  were  sealed  and  secured  to  the  skull  with 
dental  acrylic  A  stainless  steel  reference  electrode  was 
placed  in  neck  tissue 


via  the  artenal  catheter  to  monitor  stability  of  blood 
pH  and  oxygen  tension,  and  respiration  was  adjusted 
to  maintain  prein auiation  levels.  Mean  systemic  ar¬ 
terial  blood  pressure  was  determined  via  the  arterial 
catheter  for  the  duration  of  the  experiment.  After  ter¬ 
mination  of  the  measurements,  while  still  under  anes¬ 
thesia,  the  animals  were  humanely  euthanized  with  an 
i.v  injection  of  saturated  MgS04.  and  the  electrodes 
examined  visually  via  bisection  foi  verification  of 
placement. 

Irradiation  was  accomplished  with  a  bilateral, 
whole-body,  exposure  to  gamma  ray  photons  from  a 
cobalt-60  source  located  at  the  Armed  Forces  Radio- 
biology  Research  Institute.  Exposure  was  limited  to  a 
mean  of  1.38  min  at  74  Gy/min  steady  state,  free-in- 
air  Dose  rate  measurements  at  depth  were  made  with 
an  ionization  chamber  placed  in  a  tissue  equivalent 
model.  The  measured  midline  tissue  dose  rate  was 
69  Gy/min.  producing  a  calculated  total  dose  of 
100  Gy,  taking  into  account  the  rise  and  fall  of  the 
radiation  source. 

Blood  pressure  and  blood  flow  data  were  grouped 
into  10  min  intervals,  measured  in  relation  to  midtime 
of  radiation,  and  plotted  at  the  middle  of  the  interval 
The  Wilcoxon  Rank  Sum  Test  was  used  for  the  statis¬ 
tical  analysis  of  the  data  A  95  2,  level  of  confidence 
was  employed  to  determine  significance.  Since  ail  the 
animals  were  treated  identically  before  irradiation  or 
sham-irradiation,  and  since  the  preradiation  data  for 
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the  control  and  test  animals  showed  no  significant  dif¬ 
ference.  the  preradiation  data  for  the  irradiated  and 
sham-irradiated  animals  were  combined. 


RESLLTS 

As  seen  in  Figure  I .  the  mean  systemic  arterial  blood 
pressure  iMABP)  of  untreated,  irradiated  animals  de¬ 
creased  to  35%  of  the  preradiation  mean  of  106.0  - 
2.3  mm  Hg  within  10  mm  postradiation.  This  was  fol¬ 
lowed  by  a  steady  decline  to  a  60-min  postirradiation 
level  that  was  20%  of  the  preirradiation  values.  After 
sham-irradiation  there  was  no  significant  change  in 
MABP  for  the  six  control  monkeys  but  the  values  for 
the  group  differed  significantly  ip  s  0.05)  from  the 
other  two  groups  The  MABP  for  the  allopurmol 
treated,  irradiated  group  did  not  display  a  statistically 
significant  difference  from  the  untreated,  irradiated 
group  The  respiration  of  each  subject  was  maintained 
at  preradiation  levels  and.  although  not  presented,  the 
blood  gas  data  revealed  a  general  stability  of  blood  pH 
and  oxygen  tension  throughout  the  experimental 
period. 
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Fig  I  Perccm  chmge  m  mr*n  menal  blood  pressure  sftet  exposure 
(o  100  Gy.  whole-body,  gxrami  imdution  (iSEM).  compered  to 
j  preirradiation  mein  of  106  0  r  2.3  mm  Hg  Animals  in  the  sham- 
iiTaduted  group  m  =  hi  were  given  physiological  saline  for  60  min 
before  and  after  sham-irradiation  The  untreated,  irradiated  group 
"i  =  61  also  received  saline  but  were  exposed  to  100  Gy  gamma 
irradiation  The  treated,  irradiated  group  i  n  *  5)  also  received  saline 
ind  irradiation  but  were  given  allopunnol  (50  mg  kg.  orally)  for  2 
Javs  prior  lo  irradiation 
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Fig  2  Percent  change  in  hippocampal  blood  flow  after  exposure 
to  100  Gy.  whole-body,  gamma  irradiation  (  nSEM).  compared  to 
a  preirradiation  mean  of  67  6  =  6  8  ml/g  of  tissue/ min  Animals 
in  the  sham- irradiated  group  in  =  6)  were  given  physiological  saline 
for  60  min  before  and  aftei  sham- irradiation  The  untreated,  irra¬ 
diated  group  (n  *  6)  also  received  saline  but  were  exposed  to  100 
Gy  gamma  irradiation  The  treated,  irradiated  group  in  =  5i  also 
received  saline  and  irradiation  but  were  given  allopunnol  (50  mg 
kg.  orally)  for  2  days  pnor  to  irradiation 


The  preirradiation  hippocampal  blood  flow,  as 
shown  in  Figure  2,  was  67.6  ±  6.8  ml  per  100  g  of 
tissue  per  min.  The  postirradiation  blood  flow  for  the 
sham-irradiated  group  of  monkeys  showed  no  signif¬ 
icant  changes  for  the  60-min  observation  period  while 
the  values  for  the  untreated,  irradiated  monkeys 
showed  a  rapid,  significant  decline  to  32%  of  the  preir- 
radiation  levels  by  10  min  postirradiation.  Following 
a  slight  increase  to  43%  below  preirradiation  levels  at 
30  min  postirradiation,  the  blood  flow  values  de¬ 
creased  to  23%  of  the  preirradiation  levels  by  60  min 
postirradiation.  The  control  and  untreated,  m-adiated 
groups  of  monkeys  were  significantly  different  ip  s 
0.05)  from  each  other  at  all  postirradiation  measure¬ 
ment  points.  The  allopurinol  treated,  irradiated  mon¬ 
keys  displayed  a  postirradiation  hippocampal  blood 
flow  that  decreased  to  only  63%  of  the  preirradiation 
level  at  10  min.  Even  though  they  did  not  drop  any 
lower,  these  levels  were  not  significantly  different 
from  the  untreated,  irradiated  group's  blood  flow  levels 
until  40  min  postirradiation.  Likewise,  the  blood  flow 
levels  of  the  treated,  irradiated  monkeys  were  not  sig¬ 
nificantly  different  from  those  of  the  control  monkeys 
until  50  min  postirradiation. 
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Fig  3  Percent  change  m  hypothalamic  blood  flow  after  exposure 
to  100  Gy.  whole-body,  gamma  irradiation  (±SEM|.  compared  to 
a  preirradiation  mean  of  70  I  t  6  •»  ml  <  g  of  nssue  min  Animals 
m  the  sham-irradiated  group  in  =  61  were  given  physiological  saline 
for  bO  mm  before  and  after  sham-irradiation  The  untreated,  irra¬ 
diated  group  in  =  hi  also  received  saline  but  were  exposed  to  100 
Gy  gamma  irradiation  The  treated,  irradiated  group  (n  »  5)  also 
received  saline  and  irradiation  but  were  given  allopunnol  (50  mg/ 
kg.  orally)  tor  1  days  pnor  to  irradiation 

Figure  3  displays  a  preinadiation  mean  blood  flow 
of  70  1  i  6  4  ml  per  100  g  of  tissue  per  minute  in  the 
hypothalamus.  The  postirradiation  blood  flow  for  the 
sham-irradiated  group  of  monkeys  showed  no  signif¬ 
icant  changes  for  the  60  min  observation  period  while 
the  values  for  the  untreated,  irradiated  monkeys 
showed  a  decline  to  43%  of  the  preirradiation  levels 
by  60  mm  postirradiation.  These  levels  became  sig¬ 
nificantly  different  ip  s  0  05)  from  those  of  the  sham- 
irradiated  group  at  10  min  postirradiation  and  remained 
that  wav  for  the  remainder  of  the  observations.  The 
blood  flow  measurements  of  monkeys  pretreated  with 
allopunnol  were  not  significantly  different  from  those 
of  the  control  monkeys  at  any  time  postirradiation. 
However,  a  significant  difference  was  seen  between 
the  blood  flow  measurement  of  the  pretreated,  irradi¬ 
ated  group  and  the  untreated,  irradiated  group  begin¬ 
ning  at  40  min  postirradiation 

DISCISSION 

Postirradiation  hypotension  has  been  well  docu¬ 
mented  in  the  rhesus  monkey  and  a  critical  postirradia- 
tion  mean  arterial  blood  pressure  i  MABPlof  50% -60% 


of  the  preirradiation  MABP  must  be  maintained  for 
adequate  autoregulation  of  cerebral  circulation  * :1 
The  initial  precipitous  decline  in  MABP  to  35%  of  the 
preirradiation  levels  may  then  be  associated  with  the 
similar  immediate  decrease  in  blood  flow  seen  in  both 
the  hippocampus  and  hypothalamus  of  the  untreated, 
irradiated  animals.  In  fact  the  decline  in  MABP  and 
cerebral  blood  flow  (CBF)  reported  here  corresponds 
closely  in  time  with  the  observed  occurrence  of 
ETl*J  35  26  an(j  SUggCSts  a  causal  relationship  between 
the  depressed  MABP.  CBF  and  the  appearance  of  ETI 

Autoregulation  of  cerebral  blood  flow  appeared  to 
be  intact  in  animals  pretreated  with  allopunnol.  even 
though  the  postirradiation  MABP  fell  to  approximately 
35%  of  the  preirradiation  level  The  difference  noted 
in  the  effect  of  allopunnol  in  the  hippocampus  and  the 
hypothalamus  may  be  attributed  to  the  presence  ot 
fenestrations  of  the  blood-brain  barrier  near  the  hy¬ 
pothalamus. :7  38  These  fenestrations,  or  windows, 
would  allow  the  preirradiation  administered  allopunnol 
to  enter  the  hypothalamus  before  irradiation  Their  ab¬ 
sence  in  the  area  of  the  hippocampus  would  inhibit  the 
entrance  of  allopunnol  into  that  area  until  after  the  irra- 
diation-induced  alteration  of  the  blood-brain  banner  -* 
Therefore,  the  radioprotective  effect  of  allopunnol 
would  be  present  in  the  hypothalamus  at  the  time  of 
irradiation,  but  not  in  the  hippocampus  until  after 
irradiation. 

Allopunnol  interferes  with  the  xanthine  oxidase  cat¬ 
alyzed  production  of  free  radicals  and  has  been  used 
to  attenuate  cellular  damage  associated  with  the  re¬ 
perfusion  induced  production  of  free  radicals. 10  31  This 
action  would  have  been  expected  during  the  partial 
cerebral  reperfusion  that  occurred  between  10  and  30 
min  postirradiation.  However,  the  administration  of 
allopunnol  altered  the  immediate  postirradiation  de¬ 
crease  in  cerebral  blood  flow,  thereby  eliminating  the 
reperfuston-xanthine  oxidase  production  of  free  radi¬ 
cals  It  is  therefore  highly  likely  that  the  immediate 
action  of  allopunnol  may  have  been  by  some  means 
other  than  xanthine  oxidase  inhibition 

A  possible  explanation  of  the  mechanistic  effect  of 
allopunnol  in  diminishing  the  postirradiation  decrease 
in  rCBF  is  an  interference  in  the  formation  of  super¬ 
oxide  radicals.  Superoxide  radicals  can  be  generated 
in  the  reaction  of  hydrated  electrons  or  hydrogen  atoms 
with  dissolved  oxygen  following  gamma  irradiation  ot 
aqueous  solutions  This  radiolyticallv-fonned  free  rad¬ 
ical  is  involved  in  oxidative  chain  reactions'3  with  the 
possibility  of  interconversion  and  postirradiation  gen¬ 
eration  of  other  forms  of  activated  oxygen,  leading 
indirectly  to  further  irradiation-induced  cellular  dam¬ 
age  "  A  possible  mode  of  pharmacologic  intervention 
may  well  be  the  introduction  of  allopunnol  to  intervene 


..a-; 


Free  radicals  and  blood  flow 


in  the  production  of  free  radicals,  thereby  explaining 
why  treatment  with  allopurtnol  would  maintain  rCBF 
during  the  entire  observation  penod  even  with  the  pres¬ 
ence  of  profound  hypotension  in  treated  animals  at 
60  min.  Thus,  the  allopurinol  prevention  of  irradiation- 
induced  free  radical  formation  would  allow  the  main- 
tainance  of  rCBF  in  the  initial  20-30  min.  Thus,  the 
allopurinol  prevention  of  irradiation-induced  free  rad¬ 
ical  formation  would  allow  the  maintainance  of  rCBF 
in  the  initial  20-30  min.  Therefore,  there  would  be  no 
reperfusion-induced  formation  of  additional  free  rad¬ 
icals.  allowing  the  rCBF  to  be  maintained  during  the 
second  portion  of  the  observation  penod. 

Examination  of  the  chemical/physical  structure  of 
allopurinol  suggests  that  its  effectiveness  may  be  due 
to  an  ability  to  scavage  hydrated  electrons  and  hydro¬ 
gen  atoms  that  would  react  with  oxygen  to  form  su- 
peroxide.  Certainly,  this  may  be  elucidated  further 
with  spin  trapping  expenments  in  gamma  irradiated 
aqueous  solutions  of  allopurinol  in  the  presence  of  a 
spin  trap  such  as  DMPO  (5.5-dimethyl-l-pyroline-l- 
oxide).  This  spin  trapping  J4  consists  of  reacting  a 
short-lived  free  radical,  such  as  superoxide,  with  a  spin 
trap,  usually  a  nitrone  or  mtroso  compound,  producing 
a  longer-lived  nitrooxide  radical  which  can  be  detected 
and  identified  by  electron  spin  resonance  (ESR). 

In  conclusion,  we  have  shown  that  the  administra¬ 
tion  of  allopurinol  will  alter  significantly  the  postir- 
radiation-reduced  regional  cerebral  biood  flow  without 
affecting  the  irradiation  induced  hypotension.  We  have 
also  introduced  a  theoretical  mechanism  through  which 
the  administration  of  allopurinol  may  prevent  an  ir- 
radiation-induced  reduction  in  rCBF.  The  next  logical 
step  will  be  to  show  that  allopurinol  actually  does  pre¬ 
vent  the  irradiation-induced  production  of  free  radi¬ 
cals.  Further  study  with  spin  trapping  experiments  may 
be  able  to  elucidate  the  mechanism. 
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Effect  of  Disodium  Cromoglycate  (DSCG)  and  Antihistamines  on  Postirradiation  Cerebral 
Blood  Row  and  Plasma  Levels  of  Histamine  and  Neurotensin.  Cockerham.  L.  G..  Paijtler. 
E.  L..  Carraway,  R.  E.,  Cochrane,  D.  E..  and  Hampton.  J.  D.  (1988).  Fundam  Appl 
Toxicol.  10,  233-242.  In  an  attempt  to  elucidate  mechanisms  underlying  the  irradiation-in¬ 
duced  decrease  in  regional  cerebral  blood  flow  (rCBF)  in  primates,  hippocampal  and  visual 
cortical  blood  flows  of  rhesus  monkeys  were  measured  by  hydrogen  clearance,  before  and  after 
exposure  to  100  Gy.  whole-body,  y  irradiation.  Systemic  blood  pressures  were  monitored  simul¬ 
taneously.  Systemic  arterial  plasma  histamine  and  neurotensin  levels  were  determined  preirradi¬ 
ation  and  postirradiation.  Compared  to  control  animals,  the  irradiated  monkeys  exhibited  an 
abrupt  decline  in  systemic  blood  pressure  to  23%  of  the  preirradiation  level  within  10  min  postir¬ 
radiation.  falling  to  1 2%  by  60  min.  A  decrease  in  hippocampal  blood  flow  to  32%  of  the  preirra¬ 
diation  level  was  noted  at  10  min  postirradiation.  followed  by  a  slight  recovery  to  43%  at  30  min 
and  a  decline  to  23%  by  60  min.  The  cortical  blood  flow  for  the  same  animals  showed  a  steady 
decrease  to  29%  of  the  preirradiation  levels  by  60  min  postirradiation.  Animals  given  the  mast 
cell  stabilizer  disodium  cromoglycate  and  the  antihistamines  mepyramine  and  cimetidine  before 
irradiation  did  not  exhibit  an  abrupt  decline  in  blood  pressure  but  displayed  a  gradual  decrease 
to  a  level  33%  below  preirradiation  levels  by  60  min  postirradiation.  Also,  the  treated,  irradiated 
monkeys  displayed  rCBF  values  that  were  not  significantly  different  from  the  nomrradiated 
controls.  The  plasma  neurotensin  levels  in  the  irradiated  animals,  treated  and  untreated,  indi¬ 
cated  a  nonsignificant  postirradiation  increase  above  control  levels.  However,  the  postirradia¬ 
tion  plasma  histamine  levels  in  both  irradiated  groups  showed  an  increase  of  approximately 
1600%  above  the  preirradiation  levels  and  the  postirradiation  control  levels.  These  findings  im¬ 
plicate  histamine  in  the  postirradiation  hypotension,  but  not  necessarily  in  the  direct  responsibil¬ 
ity  for  the  decrease  in  regional  cerebral  blood  flow  seen  immediately  postirradiation  in  the 
primate.  <£  1 988  Society  of  Toxicology 


Some  of  the  many  consequences  which  result 
from  exposure  to  high  levels  of  ionizing  radia¬ 
tion  are  dramatic  changes  in  the  ability  of  an 
animal  to  perform  a  trained  task.  Early  tran- 
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sient  incapacitation  (ET1).  characterized  as  a 
complete  but  temporary  cessation  of  trained 
behavior  occurring  within  the  first  30  min 
postirradiation,  is  one  event  which  follows 
exposure  to  supralethal  doses  of  ionizing  ra¬ 
diation  (Kimeldorf  and  Hunt,  1965).  This 
dramatic  alteration  in  motor  function  is  char¬ 
acterized  by  a  transient  reduction  in  perfor¬ 
mance,  with  recovery,  followed  by  a  recur¬ 
ring.  gradual  performance  decrement  (PD). 
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which  may  or  may  not  be  associated  with  ETI 
(Curran  et  al.,  1973).  Irradiation-induced  hy¬ 
potension  has  been  implicated  as  the  cause  of 
ETI  found  with  supralethal  irradiation  expo¬ 
sure  (Miletich  and  Strike,  1970).  However, 
postirradiation  hypotension  does  not  occur 
with  equal  frequency  in  all  species,  having 
been  reported  in  monkeys  and  rats  but  not 
in  cats  and  dogs  (Miletich  and  Strike,  1970; 
Chaput  et  al.,  1972;  Pitchford,  1968).  Like¬ 
wise.  ETI  was  not  seen  in  dogs  following  irra¬ 
diation  exposure  of  up  to  400  Gy  ( 1  Gy  =  100 
rad)  (Chaput  et  al.,  1972:  Pitchford,  1968): 
however,  a  dose-related,  progressive  PD  was 
reported  with  those  animals  exposed  to  doses 
of  100-300  Gy  (Pitchford,  1968).  A  recent 
study  reported  a  performance  decrement  in 
rats  exposed  to  a  100  Gy,  whole-body,  bilat¬ 
eral  dose  of  y  radiation  received  from  a  A0Co 
source  (Cockerham  et  al..  1984).  ETI  has 
been  reported  in  monkeys  (Bruner  et  al.. 
1975:  Franz.  1985)  and  in  miniature  swine 
(Chaput  and  Wise,  1969),  although  the  ETI 
seen  in  swine  differed  from  that  seen  in  mon¬ 
keys  by  the  frequent  accompaniment  of  con¬ 
vulsions  and  spasms  of  the  extremities.  Mon¬ 
keys  were  selected  for  this  study  because  they 
exhibit  a  transient  decrement  in  performance 
similar  to  that  described  in  humans  who  were 
accidentally  irradiated  (Hunt.  1987). 

Studies  have  reported  elevations  of  circu¬ 
lating  blood  histamines  in  humans  undergo¬ 
ing  radiation  therapy  (Lasser  and  Stenstrom, 
1954).  and  increases  in  nonhuman  primate 
plasma  histamine  levels  (Alter  et  al.,  1983: 
Cockerham  et  al..  1986a)  following  irradia¬ 
tion.  Histamine  may  be  implicated  in  radia¬ 
tion-induced  hypotension  (Alter  et  al ,  1983) 
and  in  post  irradiation  reduced  cerebral  blood 
flow  (Cockerham  et  al .  1986a).  Also,  antihis¬ 
tamines  have  been  used  to  modify  the  irradia¬ 
tion-induced  release  of  histamine  and  early- 
transient  incapacitation  in  the  monkey 
(Doyle  et  al..  1974:  Doyle  and  Strike,  1977). 

The  release  of  histamine  from  mast  cells  by 
ionizing  radiation  may  not  be  effected  di¬ 
rectly.  but  may  employ  an  intermediate 
chemical  mediator  such  as  neurotensin.  Re¬ 


ports  of  in  vivo  neurotensin-mediated  release 
of  histamine  include  rat  whole-body  infusion 
(Oishi  et  al..  1983),  rat  hindquarter  perfusion 
(Kerouac  et  al.,  1 984),  and  rat  head  perfusion 
(Rioux  et  al..  1985)  experiments.  Pretreat¬ 
ment  with  the  mast  cell  stabilizer,  disodium 
cromoglycate  (DSCG,  cromolyn  sodium),  in¬ 
hibited  the  neurotensin-induced  release  of 
histamine  (Carraway  et  a/.,  1982;  Cochrane 
et  al.,  1 986;  Kerouac  et  al.,  1 984;  Oishi  et  al., 
1983:  Rioux  et  al.,  1985),  and  was  successful 
in  diminishing  the  radiation-induced  de¬ 
crease  in  cerebral  blood  flow  (Cockerham  et 
al..  1986b). 

In  the  present  study  we  attempt  to  evaluate 
further  the  effect  of  DSCG  on  radiation-re¬ 
leased  histamine,  postradiation  hypotension, 
and  reduced  regional  cerebral  blood  flow 
(rCBF)  in  two  contrasting  regions  of  the 
brain.  Two  regions  of  the  brain  not  pre¬ 
viously  studied  (Cockerham  et  al..  I986a,p) 
were  selected  for  the  determination  of  blood 
flow  in  this  study.  The  hippocampus  was  se¬ 
lected  as  the  first  region  of  interest  because 
this  area  of  the  brain  is  particularly  vulnera¬ 
ble  to  oxygen  deprivation  (Kirino  and  Sano. 
1984;  Suzuki  et  al..  1983).  The  second  region 
of  interest,  the  visual  cortex,  is  an  area  that 
may  be  involved  with  the  reduced  visual  dis¬ 
crimination  performance  seen  in  the  monkey 
following  50  Gy  y-neutron  radiation  (de 
Haan  et  al..  1969)  and.  also,  is  reported  to 
show  changes  in  neuronal  activ  ity  following 
ischemia  (Suzuki  et  al..  19,8.3).  We  also  at¬ 
tempt  to  determine  if  the  post  irradiation  sys¬ 
temic  plasma  levels  of  histamine  and  neuro¬ 
tensin  are  changed  w  ith  DSCG  and  antihista¬ 
mine  pretreatment. 

The  purpose  of  this  investigation,  there¬ 
fore.  is  threefold:  first,  to  determine  if  the 
combined  use  of  DSCG  and  antihistamines 
affects  the  irradiation-induced  release  of  his¬ 
tamine.  postirradiation  hypotension,  and  re¬ 
duced  regional  cerebral  blood  flow:  second, 
to  determine  if  the  systemic  plasma  level  of 
neurotensin  is  changed  significantly  follow¬ 
ing  irradiation;  and  finally  ,  if  there  is  an  irra¬ 
diation-induced  release  of  neurotensin,  lode- 
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termine  if  DSCG  will  inhibit  the  neurotensin- 
induced  release  of  histamine  in  primates. 

Understanding  the  physiological  basis  for 
irradiation-induced  incapacitation  and  shock 
is  essential  to  providing  protection  against 
these  irradiation  effects,  for  interpreting  the 
effects  of  nuclear  accidents,  and  for  predict¬ 
ing  the  effects  of  nuclear  warfare  in  order  to 
prepare  for  casualty  treatment. 

MATERIALS  AND  METHODS 

Sixteen  rhesus  monkeys  ( Macaco  mulatto),  weighing 
between  2.3  and  3.5  kg  (2.9  ±  0.08  SE).  were  used  in  this 
study.  The  animals  were  divided  randomly  into  two 
groups  of  six  animals  each  and  one  group  of  four  ani¬ 
mals.  as  follows:  Group  I — six  sham-irradiated  monkeys; 
Group  II — six  irradiated  monkeys;  and  Group  III — four 
monkeys  given  an  iv  infusion  of  physiological  saline  con¬ 
taining  the  H,  blocker  mepyramine  (pyrilamine)  (0.5 
mg/min)  and  the  H,  blocker  cimetidine  (0.25  mg/min) 
for  1  hr  before  and  for  1  hr  after  irradiation,  and  the  mast 
cell  stabilizer  DSCG  by  iv  infusion  (100  mg/kg)  5  min 
before  irradiation.  Food  was  withheld  from  all  animals 
for  1 8  hr  before  the  experiment,  but  water  was  available 
ad  libitum  Research  was  conducted  according  to  the 
principles  enunciated  in  the  Guide  for  the  Care  and  Use 
of  Laboratory  Animals  prepared  by  the  Institute  of  Labo¬ 
ratory  Animal  Resources,  National  Research  Council. 
The  monkeys  were  initially  anesthetized  in  their  cages 
with  an  im  injection  of  ketamine  hydrochloride  (20  mg/ 
kg)  with  0.015  mg/kg  atropine  sulfate  and  were  then 
moved  to  the  laboratory  where  the  remainder  of  the  ex¬ 
periment  was  conducted. 

A  systemic  venous  catheter  was  used  to  administer 
physiological  saline  and  the  primary  anesthetic.  «-chlo- 
ralose(  100  mg),  with  supplemental  infusions  provided  as 
needed,  based  on  heart  rate,  blood  pressure,  respiration 
rate,  blood  pH.  and  peripheral  reflexes.  A  femoral  arterial 
catheter  was  used  to  withdraw  blood  for  blood  chemistry 
and  blood  gas  determinations  and  to  measure  systemic 
arterial  blood  pressure  via  a  Stathem  P23  Db  pressure 
transducer. 

Approximately  2  hr  before  irradiation  or  sham-irradia¬ 
tion.  the  animals  were  intubated  with  a  cuffed  endotra¬ 
cheal  tube  and  ventilated  using  a  forced  volume  respira¬ 
tor  to  maintain  a  stable  blood  pH  and  oxygen  tension. 
After  insertion  of  the  endotracheal  tube,  each  animal  was 
placed  on  a  circulating  water  blanket  to  maintain  body 
temperature  between  36  and  38”C.  A  rectal  probe  was 
inserted  to  monitor  body  temperature. 

The  animal's  head  was  positioned  on  the  headholder 
of  a  stereotaxic  instrument  (David  Kopf  Instruments. 
Tujunga.  CA)  and  the  scalp  was  shaved  and  incised,  al¬ 


lowing  access  to  the  skull.  Using  the  stereotaxic  micro¬ 
manipulator.  the  skull  was  marked  for  insertion  of  four 
electrodes  and  small  burr  holes  were  drilled  through  the 
skull  at  these  marks.  Again,  using  the  micromanipulator, 
one  electrode  was  placed  in  the  left  and  one  in  the  right 
hippocampus  (Snider  and  Lee,  1961).  In  the  same  man¬ 
ner.  one  electrode  was  placed  in  the  left  and  one  in  the 
right  visual  cortex,  4  mm  to  each  side  of  the  longitudinal 
fissure.  The  latter  two  electrodes  were  placed  so  that  the 
tips  were  2.5  mm  below  the  surface  to  ensure  that  mea¬ 
surements  would  be  taken  from  the  cortical  grey  matter. 
The  electrodes  were  Teflon-coated,  platinum-iridium 
wire  of  0.178-mm  diameter,  encased  in,  but  insulated 
from,  rigid  stainless-steel  tubing  (22-ga  spinal  needle) 
with  exposed  tips  of  approximately  2  mm.  The  exposed 
dura  was  covered  with  moistened  pledgetts  and  the  elec¬ 
trodes  were  sealed  and  secured  to  the  skull  with  dental 
acrylic.  A  stainless-steel  reference  electrode  was  placed  in 
neck  tissue. 

Regional  cerebral  blood  flow  was  measured  by  the  hy¬ 
drogen  clearance  technique  for  30  min  before  irradiation 
or  sham-irradiation  and  for  60  min  after.  This  technique 
is  essentially  an  amperometric  method,  which  measures 
the  current  induced  in  a  platinum  electrode  by  the  reduc¬ 
tion  of  hydrogen.  The  current  produced  has  a  linear  rela¬ 
tionship  with  the  concentration  of  hydrogen  in  the  tissue 
(Hyman.  1961).  Hydrogen  was  introduced  into  the  blood 
via  inhalation  through  the  endotracheal  tube  at  a  rale  of 
approximately  5%  of  the  normal  respiratory  intake  for 
each  flow  measurement.  Blood  flow  was  measured  by 
each  of  the  four  electrodes  every  10  min.  The  electrodes 
were  maintained  electrically  at  +600  mV  in  respect  to 
the  reference  electrode,  to  reduce  possible  oxygen  and 
ascorbate  interference.  This  method  has  been  success¬ 
fully  employed  in  several  similar  studies  (Cockerham  el 
ai.  I986a.b). 

After  30  min  of  recording,  the  animals  were  discon¬ 
nected  from  the  respirator  and  recording  apparatus  to  fa¬ 
cilitate  irradiation  in  a  separate  room.  The  animals  were 
reconnected  to  the  respirator  and  recording  apparatus  at 
4  min  postirradialion  or  sham-irradiation  and  measure¬ 
ments  were  continued  for  a  minimum  of  60  min.  At  30 
and  10  min  preirradialion  or  sham-irradiation,  and  at  2. 
4.  6.  1 5,  30.  45,  and  60  min  postirradiation  or  sham-irra¬ 
diation.  blood  samples  were  taken  via  the  arterial  cathe¬ 
ter  to  determine  plasma  histamine  and  neurotensin  lev¬ 
els.  Blood  samples  were  also  taken  to  monitor  stability  of 
blood  pH  and  oxygen  tension,  and  respiration  was  ad¬ 
justed  to  maintain  preirradiation  levels.  Mean  systemic 
arterial  blood  pressure  was  determined  via  the  arterial 
catheter  for  the  duration  of  the  expenmenl.  After  termi¬ 
nation  of  the  measurements,  w  hile  still  under  anesthesia, 
the  animals  were  humanely  euthanized  with  an  iv  injec¬ 
tion  of  saturated  MgSO, .  and  the  electrodes  were  exam¬ 
ined  visually  via  dissection  for  verification  of  placement 

Blood  samples  for  plasma  histamine  and  neurotensin 
determinations  were  drawn  from  the  arterial  catheter 
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with  plaslicsyringesand  transferred  to  prelabeled,  chilled 
collection  tubes  containing  EDTA.  The  tubes  were  in¬ 
verted  gently  and  stored  on  ice  until  the  termination  of 
the  experiment.  The  blood  was  then  centrifuged  (5*C) 
and  the  plasma  was  transferred  to  polypropylene  tubes, 
rapidly  frozen,  and  maintained  at  -80'C  until  analyzed. 
Plasma  levels  of  histamine  were  determined  by  the  spe¬ 
cific,  radioenzymatic  assay  for  histamine  described  by 
Carraway  elal.  (1982).  Plasma  levels  of  neurotensin  were 
measured  using  a  method  previously  described  by  Carra¬ 
way  el  al  (1980).  The  antiserum,  HC-8,  used  in  this 
method  has  been  characterized  earlier  (Carraway  and 
Leeman,  1976)  and  is  directed  primarily  toward  the  C- 
terminal,  biologically  active  portion  of  the  neurotensin 
molecule,  cross-reacting  50%  with  NT813  and  <0.01% 
with  NT1'10. 

Irradiation  was  accomplished  with  a  bilateral,  whole- 
body  exposure  to  y-ray  photons  from  a  cobalt-60  source 
located  ai  the  Armed  Forces  Radiobiology  Research  In¬ 
stitute.  Exposure  was  limited  to  a  mean  of  1 .38  min  at  74 
Gy/min  steady  state,  free-in-air.  Dose  rate  measure¬ 
ments  at  depth  were  made  with  an  ionization  chamber 
placed  in  a  tissue  equivalent  model.  The  measured  mid¬ 
line  tissue  dose  rate  was  69  Gy/min,  producing  a  calcu¬ 
lated  total  dose  of  100  Gy,  taking  into  account  the  rise 
and  fall  of  the  radiation  source. 

Blood  pressure  and  blood  flow  data  were  grouped  into 
10-min  intervals,  measured  in  relation  to  midtime  of  ra¬ 
diation,  and  plotted  at  the  middle  of  the  interval.  The 
Wilcoxon  rank  sum  test  was  used  for  the  statistical  analy¬ 
sis  of  the  data.  A  95%'  level  of  confidence  was  employed 
to  determine  significance.  Since  all  the  animals  were 
treated  identically  before  irradiation  or  sham-irradiation, 
and  since  the  preradiation  data  for  the  control  and  test 
animals  showed  no  significant  difference,  the  preradia¬ 
tion  data  for  the  irradiated  and  sham-irradiated  animals 
were  combined. 


RESULTS 

As  seen  in  Fig.  1,  the  mean  systemic  arte¬ 
rial  blood  pressure  (MABP)  of  untreated,  ir¬ 
radiated  animals  decreased  to  23%  of  the  pre- 
radiation  mean  of  106.0  ±  3.41  mm  Hg 
within  10  min  postradiation.  This  was  fol¬ 
lowed  by  a  steady  decline  to  a  60-min  postir¬ 
radiation  level  that  was  1 2%  of  the  preinradia- 
tion  values.  After  sham-irradiation  there  was 
no  significant  change  in  MABP  for  the  six 
control  monkeys.  The  four  treated,  irradiated 
monkeys  (Group  III)  displayed  a  MABP  that 
was  statistically  different  from  the  untreated, 
irradiated  monkeys  at  all  postirradiation 
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Fig.  I .  Percentage  change  in  mean  arterial  blood  pres¬ 
sure  after  exposure  to  100  Gy,  whole-body,  y  irradiation 
(±  SEM)  compared  to  a  preirradiation  mean  of  106.0 
±  3.41  mm  Hg.  Animals  in  the  sham-irradiated  group  (n 
=  6)  were  given  physiological  saline  for  60  min  before 
and  after  sham-irradiation.  The  untreated,  irradiated 
group  (n  =  6)  also  received  saline  but  were  exposed  to 
100  Gy  y  irradiation.  The  treated,  irradiated  group  (n 
=  4),  in  addition,  received  mepyramine  (0.5  mg/min) 
and  cimetidine  (0.25  mg/min)  in  the  saline  infusion  and 
disodium  cromoglycate(DSCG)  by  iv  infusion  (100  mg/ 
kg)  5  min  before  irradiation  (».  Significantly  different 
from  controls;  p  =  0.05). 


times  of  observation  but  displayed  a  signifi¬ 
cant  difference  from  the  controls  only  after 
the  30-min  postirradiation  time.  The  respira¬ 
tion  of  each  subject  was  maintained  at  prera¬ 
diation  levels  and,  although  not  presented, 
the  blood  gas  data  revealed  a  general  stability 
of  blood  pH  and  oxygen  tension  throughout 
the  experimental  period. 

The  preirradiation  cortical  blood  flow,  as 
shown  in  Fig.  2,  was  60.8  ±  5.5  ml  per  100  g 
of  tissue  per  minute.  The  postirradiation 
blood  flow  for  the  sham-irradiated  group  of 
monkeys  showed  no  significant  changes  for 
the  60-min  observation  period  while  the  val¬ 
ues  for  the  untreated,  irradiated  monkeys 
showed  a  steady  decline  to  29%'  of  the  preirra¬ 
diation  levels  by  60  min  postirradiation. 
These  levels  became  significantly  different  (p 
=  0.05)  from  those  of  the  sham-irradiated 
group  at  10  min  postirradiation  and  re¬ 
mained  that  way  for  the  remainder  of  the  ob¬ 
servations.  In  contrast,  the  cortical  blood  flow 


POSTIRRADIATION  CEREBRAL  BLOOD  FLOW 


237 


10  0  10  20  30  40  50  60 


Time  Postiadiation  (mm) 

Fig.  2.  Percentage  change  in  cortical  blood  flow  after 
exposure  to  100  Gy.  whole-body.  y  irradiation  (±  SEM) 
compared  to  a  preirradiation  mean  of  60.8  ±  5.5  ml/g  of 
tissue/min.  Animals  in  the  sham-irradiated  group  (n 
=  6)  were  given  physiological  saline  for  60  min  before 
and  after  sham-irradiation.  The  untreated,  irradiated 
group  (n  =  6)  also  received  saline  but  were  exposed  to 
100  Gy  y  irradiation.  The  treated,  irradiated  group  (n 
=  4),  in  addition,  received  mepyramine  (0.5  mg/min) 
and  cimetidine  (0.25  mg/min)  in  the  saline  infusion  and 
disodium  cromoglycate(DSCG)  by  iv  infusion  (100  mg/ 
kg)  5  min  before  irradiation  (*,  Significantly  different 
from  controls:  p  =  0.05). 


in  the  treated,  irradiated  monkeys  actually  in¬ 
creased  for  the  first  30  min  postirradiation 
and  never  decreased  to  less  than  80%  of  the 
preirradiation  levels  at  any  time  postirradia¬ 
tion.  For  any  of  the  postirradiation  observa¬ 
tions,  there  was  no  significant  difference  be¬ 
tween  the  treated,  irradiated  group  and  the 
control  group.  However,  a  statistically  sig¬ 
nificant  difference  (p  =  0.05)  did  exist  be¬ 
tween  the  untreated,  irradiated  group  and  the 
other  two  groups  from  10  min  postradiation 
through  the  remainder  of  the  measurements. 

Figure  3  displays  a  preirradiation  mean 
blood  flowof75.1  ±  5.9  ml  per  lOOgof tissue 
per  minute  in  the  hippocampus.  The  postir¬ 
radiation  blood  flow  values  for  the  untreated, 
irradiated  animals  showed  a  rapid,  significant 
decline  to  32%  of  the  preirradiation  levels 
within  10  min  postirradiation.  Following  an 
increase  to  43%  below  preradiation  levels  at 
30  min  postirradiation,  the  values  then  de¬ 
creased  to  23%  of  the  preirradiation  levels  by 


60  min  postradiation.  There  was  a  significant 
difference  (p  =  0.05)  between  the  untreated, 
irradiated  group  of  monkeys  and  the  other 
two  groups  at  all  postirradiation  times  of 
measurement.  At  all  postirradiation  periods 
of  observation  the  hippocampal  blood  flow  of 
the  treated,  irradiated  animals  was  not  sig¬ 
nificantly  different  from  that  of  the  sham-ir¬ 
radiated  monkeys. 

Figure  4  displays  a  preirradiation  mean 
plasma  neurotensin  level  of  20.2  ±  2.3  fmol/ 
ml.  The  postirradiation  levels  in  the  un¬ 
treated,  irradiated  and  the  sham-irradiated 
animals  did  not  differ  significantly  from  this 
value  for  60  min,  even  though  the  values  for 
the  untreated,  irradiated  group  showed  a 
peak  at  6  min,  and  a  gradual  rise  between  1 5 
and  60  min.  Although  there  was  not  a  sig¬ 
nificant  difference  between  the  neurotensin 
levels  in  the  treated,  irradiated  monkeys  and 
that  found  in  the  other  two  groups,  the  maxi¬ 
mum  level  in  the  treated  group  did  occur  10 
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Fig.  3.  Percentage  change  in  hippocampal  blood  flow 
after  exposure  to  100  Gy.  whole-body,  y  irradiation 
(±  SEM)  compared  to  a  preirradiation  mean  of  75.1 
±  5.9  ml/g  of  tissue/min.  Animals  in  the  sham-irradiated 
group  (n  =  6)  were  given  physiological  saline  for  60  min 
before  and  after  sham-irradiation.  The  untreated,  irradi¬ 
ated  group  (n  =  6)  also  received  saline  but  were  exposed 
to  100  Gy  i  irradiation.  The  treated,  irradiated  group  (n 
=  4).  in  addition,  received  mepyramine  (0.5  mg/min) 
and  cimetidine  (0.25  mg/min)  in  the  saline  infusion  and 
disodium  cromoglycate  (DSCG)  by  iv  infusion  (100  mg/ 
kg)  5  min  before  irradiation  («.  Significantly  different 
from  controls;  p  =  0.05). 
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Fig.  4.  Percentage  change  in  plasma  neurotensin  con¬ 
centration  after  exposure  to  100  Gy,  whole-body,  y  irra¬ 
diation  (±  SEM)  compared  to  a  preirradiation  mean  of 
20,2  ±  2.3  fmol/ml.  Animals  in  the  sham-irradiated 
group  ( n  =  6)  were  given  physiological  saline  for  60  min 
before  and  after  sham-irradiation.  The  untreated,  irradi¬ 
ated  group  (n  =  6)  also  received  saline  but  were  exposed 
to  100  Gy  7  irradiation.  The  treated,  irradiated  group  (n 
=  4),  in  addition,  received  mepyramine  (0.5  mg/min) 
and  cimetidine  (0.25  mg/min)  in  the  saline  infusion  and 
disodium  cromoglycate  (DSCG)  by  iv  infusion  (100  mg/ 
kg)  5  min  before  irradiation  (•.  Significantly  different 
from  controls',  p  =  0.05). 


min  later  postirradiation  than  in  the  un¬ 
treated  animals. 

The  preirradiation  plasma  histamine  level, 
as  shown  in  Fig.  5,  was  0.58  ±0.06  ng/100pl. 
The  postirradiation  levels  for  the  sham-irra¬ 
diated  group  of  monkeys  showed  no  signifi¬ 
cant  changes  for  60  min  of  observation.  Dur¬ 
ing  this  same  period  the  levels  for  both  irradi¬ 
ated  groups  showed  abrupt,  significant 
increases  at  the  2-min  point  to  levels  that 
were  almost  1 600%  above  the  preirradiation 
level.  Significant  differences  were  also  present 
between  both  of  the  irradiated  monkey 
groups  and  the  sham-irradiated  animals  at 
the  4-  and  6-min  points.  The  histamine  levels 
of  the  treated,  irradiated  group  were  also  sig¬ 
nificantly  higher  than  those  found  in  the 
sham-irradiated  monkeys  at  the  1 5-min  time. 
At  no  time  postirradiation  were  the  plasma 
histamine  levels  of  the  treated,  irradiated  and 
the  nontreated,  irradiated  monkeys  signifi¬ 
cantly  different.  The  histamine  levels  of  the 


irradiated  monkeys  were  significantly  lower 
than  for  the  sham-irradiated  monkeys  at  the 
60-min  postirradiation  point. 

DISCUSSION 

The  initial  precipitous  decline  in  postradia¬ 
tion  rCBF  reported  here  has  been  well  docu¬ 
mented  in  the  rhesus  monkey  (Chapman  and 
Young,  1968;  Cockerham  et  al..  1986a; 
Cockerham  el  a!..  1986b).  This  decline  has 
been  associated  with  the  immediate  decrease 
in  MABP  and  a  critical  MABP  of  50  to  60% 
of  normal  is  said  to  be  necessary  for  adequate 
autoregulation  of  cerebral  circulation  (Chap¬ 
man  and  Young,  1968;  Doyle  et  al..  1974; 
Farrar  et  al..  1981).  A  similar  drug-induced 
decrease  in  cerebral  blood  flow  accompanied 
by  symptoms  and  signs  of  cerebral  ischemia 
has  been  reported  in  man  (Finnerty  et  al.. 
1957),  and  on  the  basis  of  the  diminished  ce- 
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Fig.  5.  Percentage  change  in  plasma  histamine  con¬ 
centration  after  exposure  to  100  Gy,  whole-body,  y  irra¬ 
diation  (±  SEM)  compared  to  a  preirradiation  mean  of 
0.58  ±  0.06  ng/100  pi.  Animals  in  the  sham-irradiated 
group  (n  =  6)  were  given  physiological  saline  for  60  min 
before  and  after  sham-irradiation.  The  untreated,  irradi¬ 
ated  group  ( n  -  6)  also  received  saline  but  were  exposed 
to  100  Gy  7  irradiation.  The  treated,  irradiated  group  (n 
=  4),  in  addition,  received  mepyramine  (0.5  mg/min) 
and  cimetidine  (0.25  mg/min)  in  the  saline  infusion  and 
disodium  cromoglycate  (DSCG)  by  iv  infusion  ( 100  mg/ 
kg)  5  min  before  irradiation  (•.  Significantly  different 
from  controls;  p  =  0.05). 
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rebral  blood  flow  reported  in  these  animals 
one  might  expect  a  severe  functional  impair¬ 
ment  of  the  CNS  in  monkeys  following  irra¬ 
diation.  In  fact,  the  decline  in  MABP  and 
rCBF  reported  here  corresponds  closely  in 
time  with  the  observed  occurrence  of  irradia¬ 
tion-induced  ETI  (Curran  et  al,  1973;  Doyle 
et  al.,  1974;  Bruner,  1977)  and  suggests  a 
temporal  relationship  between  the  depressed 
MABP,  the  decreased  rCBF,  and  the  appear¬ 
ance  of  ETI.  However,  the  infusion  of  mon¬ 
keys  with  either  saline  or  norepinephrine  af¬ 
ter  irradiation  in  an  attempt  to  block  hypo¬ 
tension  produced  no  significant  difference 
between  the  performance  of  monkeys  in 
which  the  blood  pressure  was  maintained 
with  norepinephrine  and  the  performance  of 
monkeys  that  were  injected  with  saline 
(Turns  et  al..  1971).  Therefore,  if  there  is  a 
causal  relationship,  as  well  as  a  temporal,  it 
seems  to  exist  between  the  decreased  rCBF 
and  the  appearance  of  ETI. 

The  measurements  of  blood  flow  in  the 
hippocampus  of  100-Gy.  7-irradiated  mon¬ 
keys,  when  plotted  at  postradiation  times 
(Fig.  3),  present  a  graph  strikingly  similar  to 
the  performance  graph  of  monkeys  exposed 
to  89  Gy  of  mixed  7-neutron  radiation  (Cur¬ 
ran  el  al.  1973),  with  the  same  temporal  rela¬ 
tionship.  Likewise,  the  abrupt  increase  in 
plasma  histamine  levels  2  min  postradiation 
(Fig.  5)  coincides  with  the  initial  depression 
in  MABP  (Fig.  1 )  and  rCBF  (Figs.  2  and  3), 
and  the  onset  of  ETI  (Curran  el  al.  1973). 
The  role  of  histamine  is  further  supported  by 
investigators  who  have  reported  the  alter¬ 
ation  of  ETI  by  the  administration  of  antihis¬ 
tamines  (Doyle  el  al.  1974). 

The  plasma  histamine  levels  found  in  this 
experiment  serve  to  corroborate  the  results 
reported  on  subhuman  primates  by  other  in¬ 
vestigators  (Doyle  and  Strike,  1977;  Alter  et 
al.  1983;  Cockerham  et  al.  1986a)  by  show¬ 
ing  an  immediate  rise  by  2  min  postirradia¬ 
tion  followed  by  a  much  slower  fall  to  preirra¬ 
diation  levels  by  30  min  postirradiation. 
However,  the  combined  administration  of 
DSCG  and  Hi  and  H2  blocking  antihista¬ 


mines  did  not  alter  the  irradiation-induced 
release  of  histamine,  showing  plasma  hista¬ 
mine  levels  which  appeared  to  be  much  like 
those  seen  in  a  previous  report  (Cockerham 
et  al,  1986a). 

The  postirradiation  hypotension  was  al¬ 
tered  significantly  with  the  combined  admin¬ 
istration  of  DSCG  and  the  antihistamines 
mepyramine  and  cimetidine.  This  is  in  con¬ 
trast  to  a  previous  report  using  DSCG  alone 
(Cockerham  et  al,  1 986b)  in  which  there  was 
not  i.  significant  difference  between  the  DS- 
CG-treated  and  the  untreated  postirradiation 
MABP.  Comparison  of  the  results  of  the  two 
studies,  then,  suggests  the  involvement  of  the 
irradiation-induced  release  of  histamine  with 
the  postirradiation  hypotension,  since  the  ad¬ 
dition  of  the  H;  and  H2  receptor  blockers  re¬ 
sulted  in  an  alteration  of  the  postirradiation 
MABP  not  achieved  with  the  administration 
of  DSCG  alone.  However,  the  administration 
of  DSCG  alone  (Cockerham  et  al.  1986b)  or 
in  combination  with  antihistamines  resulted 
in  a  postirradiation  rCBF  that  was  close  to  the 
same  level  as  that  found  in  the  control  ani¬ 
mals.  This,  then,  indicates  that  the  irradia¬ 
tion-induced  release  of  histamine  was  not 
directly  responsible  for  the  postirradiation 
decrease  in  rCBF  but  may  be  indirectly  re¬ 
sponsible  through  its  effect  on  the  MABP. 
Moreover,  since  the  administration  of  DSCG 
did  not  inhibit  the  release  of  histamine  or  the 
eventual  decrease  in  MABP,  DSCG  must  act 
through  a  different  path  to  prevent  the  irradi¬ 
ation-induced  decrease  in  rCBF. 

Certainly,  the  action  of  DSCG  does  not 
seem  to  be  by  blocking  the  neurotensin  medi¬ 
ated  release  of  histamine  since  the  plasma 
neurotensin  levels  in  the  irradiated  monkeys, 
while  exhibiting  some  indications  of  a  postir¬ 
radiation  increase,  were  not  found  to  be  sig¬ 
nificantly  different  from  those  in  the  sham- 
irradiated  monkeys.  However,  these  values 
do  not  indicate  the  levels  in  the  tissues,  where 
neurotensin  may  be  degraded  very  rapidly 
(Emson  et  a/..  1982;  Checlar  et  al .  1982)  as 
evidenced  by  a  rapid  disappearance  of  neuro- 
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tensin-like  immunoreactivity  (Dupont  and 
Merand,  1978). 

Even  though  a  temporal  relationship  does 
seem  to  exist  between  the  release  of  hista¬ 
mine,  a  reduced  M  ABP.  decreased  rCBF,  and 
early  transient  incapacitation,  the  presence  of 
other  factors  must  be  considered.  Neuroten¬ 
sin  could  still  conceivably  be  released  by  irra¬ 
diation,  cause  the  release  of  histamine  from 
mast  cells  (Carraway  et  ai.  1 982;  Cochrane  el 
ai.  1982;  Cochrane  et  ai.  1986;  Kerouac  el 
ai,  1984;  Riouxefr;/.,  1985),  and  trigger  cere¬ 
brovascular  vasoconstriction  and  cerebral 
edema  (Rioux  et  ai.  1985). 

The  irradiation-induced  reduction  in  rCBF 
may  also  employ  intermediate  mediators 
such  as  free  radicals  (Ohmori  et  ai.  1979) 
produced  with  exposure  to  ionizing  radiation 
(Del  Maestro,  1980;  Kennedy  el  ai.  1984). 
Free  radical  interactions  have  been  impli¬ 
cated  in  a  large  number  of  pathological  con¬ 
ditions  including  radiation  injury,  ischemia, 
microvascular  injury,  and  cell  damage  (Del 
Maestro  el  ai.  1980;  Del  Maestro,  1980; 
Hammond  et  ai.  1985;  Kontos.  1985).  The 
triphasic  cerebral  ischemic  response  seen  af¬ 
ter  irradiation  (Cockerham  et  ai.  1986a,b) 
may  be  even  more  damaging  than  complete 
ischemia  (Rehncrona  et  ai.  1980)  since  re¬ 
perfusion  may  lead  to  the  formation  of  addi¬ 
tional  free  radicals  (Julicher  et  ai.  1984;  Pe¬ 
terson  et  ai.  1985).  A  possible  mode  of  phar¬ 
macologic  intervention  may  well  be  the 
introduction  of  DSCG  to  intervene  in  the 
production  of  free  radicals  (Carmichael  et  ai. 
1987).  thereby  explaining  why  treatment 
with  DSCG  would  maintain  rCBF  during  the 
entire  observation  period  even  with  the  pres¬ 
ence  of  profound  hypotension  in  treated  ani¬ 
mals  at  60  mm  T  hus.  the  DSCG  prevention 
of  irradiation-induced  free  radical  formation 
would  allow  the  maintainancc  of  rCBF  in  the 
initial  20-30  min.  Therefore,  there  would  be 
no  reperfusion-induced  formation  of  addi¬ 
tional  free  radicals,  allowing  the  rCBF  to  be 
maintained  during  the  second  portion  of  the 
observation  period. 


In  conclusion,  we  have  shown  that  the 
combined  administration  of  DSCG  and  the 
antihistamines  mepyramine  and  cimetidine 
did  not  alter  significantly  the  irradiation-in¬ 
duced  release  of  histamine  or  the  postirradia¬ 
tion  plasma  levels  of  neurotensin.  We  were 
not  able  to  demonstrate  whether  DSCG 
would  inhibit  the  pos;<  radiation,  neuroten¬ 
sin-induced  release  of  histamine.  However, 
we  were  able  to  demonstrate  that  DSCG  and 
the  antihistamines  mepyramine  and  cimeti¬ 
dine.  given  in  combination,  will  alter  signifi¬ 
cantly  the  postirradiation  hypotension  and 
the  reduced  regional  cerebral  blood  flow.  We 
have  also  introduced  a  theoretical  mecha¬ 
nism  through  which  the  administration  of 
DSCG  may  prevent  an  irradiation-induced 
reduction  in  rCBF.  The  next  logical  steps  will 
be  to  ( 1 )  show  that  DSCG  actually  does  pre¬ 
vent  the  irradiation-induced  production  of 
free  radicals,  and  (2)  determine  if  the  admin¬ 
istration  of  DSCG  diminishes  irradiation-in¬ 
duced  ET1. 
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Implication  of  Prostaglandins  and  Histamine  H,  and  H2  Receptors  in 
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Kandasamy.  S.  B..  Hunt,  W.  A  .  and  Micki  ev.  G.  A.  Implications  of  Prostaglandins  and 
Histamine  H,  and  H:  Receptorsin  Radiation-Induced  Temperature  Responses  of  Rats.  Radial 
Res  114,42-53(1988). 

Exposure  of  rats  to  1-15  G>  y  radiation  (“Co)  induced  hyperthermia,  whereas  20-200  Gy 
induced  hypothermia.  Exposure  either  to  the  head  or  to  the  whole  body  to  1 0  Gy  induced  hyper¬ 
thermia.  while  body-only  exposure  produced  hypothermia.  This  observation  indicates  that  radi¬ 
ation-induced  lever  is  a  result  of  a  direct  effect  on  the  brain  The  hyperthermia  due  to  10  Gy 
was  significantly  attenuated  by  the  pre-  or  post-treatment  with  a  cyclooxygenase  inhibitor,  indo- 
methacin  Hy  perthermia  was  also  altered  by  the  central  administration  of  a  u-reeeptor  antago¬ 
nist  naloxone  but  only  at  low  doses  of  radiation.  These  findings  suggest  that  radiation-induced 
hyperthermia  may  be  mediated  through  the  synthesis  and  release  of  prostaglandins  in  the  brain 
and  to  a  lesser  extent  to  the  release  of  endogenous  opioid  peptides.  The  release  of  histamine 
acting  on  H,  and  H:  receptors  may  be  involved  in  radiation-induced  hypothermia,  since  both 
the  H,  receptor  antagonist,  mepyramine.  and  H,  receptor  antagonist,  cimetidine.  antagonized 
the  hypothermia  The  results  of  these  studies  suggest  that  the  release  of  neurohumoral  substances 
induced  by  exposure  to  ionizing  radiation  is  dose  dependent  and  has  different  consequences  on 
physiological  processes  such  as  the  regulation  of  body  temperature.  Furthermore,  the  antago¬ 
nism  of  radiation-induced  hy  perthermia  by  indomethacin  may  have  potential  therapeutic  im¬ 
plications  in  the  treatment  of  fever  resulting  from  accidental  irradiations,  r.  |9KX  Academic 

Press.  Inc 


Exposure  to  ionizing  radiation  can  interfere  with  the  regulation  of  body  tempera¬ 
ture.  Hyperthermia  has  been  observed  after  exposure  to  ionizing  radiation  in  a  num¬ 
ber  of  species  including  rabbits,  cats,  and  humans  (1-3).  This  effect  is  thought  to 
result  from  actions  on  the  neuroregulatory  centers  in  the  hypothalamus,  since  the 
response  can  be  prevented  by  pretreatment  with  the  centrally  acting  antipyretic,  ami- 
nopvrine  (/).  In  addition,  preliminary  evidence  from  our  laboratory  suggests  that 
radiation  can  also  induce  hypothermia  in  rats  and  guinea  pigs  (4.  5).  However,  the 
mechanisms  underlying  these  effects  are  unknown. 

Normal  thermoregulation  apparently  is  controlled  by  a  variety  of  putative  media¬ 
tors.  Initially,  the  monoamine  neurotransmitters  were  implicated  in  thermoregula¬ 
tion.  but  this  view  is  incompatible  with  empirical  findings  that  have  shown  that  the 
effect  of  monoamines  on  body  temperature  varies  from  species  to  species  (6).  Prosta¬ 
glandins  of  the  E  series,  on  the  other  hand,  induce  an  increase  in  body  temperature 
in  all  the  mammalian  species  investigated  so  far  (7.  8).  In  addition,  a  variety  of  endog- 


0033-75X7/88  $3.(X> 

Copyright  <-  WHH  h\  A^dcmk  P-*"  *•*«• 

Alt  rights  of  reproduction  in  an\  nrm  reserved 


42 


t» 

V 

I 

j 

* 


ij 

\ 

•i 

ij 

i 

;» 

$ 

S 

<d 

'« 


PROSTAGLANDINS.  HISTAMINE.  AND  BODY  TEMPERATURE  43 

enous  peptides  capable  of  producing  opiate-like  effects  have  been  isolated  from  brain 
tissue  and  have  been  implicated  in  thermoregulation  (9-12). 

Exposure  to  ionizing  radiation  has  been  reported  to  increase  blood  levels  of  hista¬ 
mine  in  humans  undergoing  radiation  therapy,  as  well  as  in  dogs  following  irradiation 
(13-15).  Histamine  has  been  implicated  in  radiation-induced  hypotension  (16).  re¬ 
ductions  in  cerebral  blood  flow  (17).  and  performance  decrements  (13).  Histamine 
is  present  in  high  concentration  in  the  hypothalamus  (19.  20)  and  is  localized  in  nerve 
terminals  (21).  Also,  ascending  histamine  tracts  are  found  in  the  median  forebrain 
bundle  (33):  histidine  decarboxylase,  the  enzyme  that  converts  histidine  to  histamine, 
is  localized  in  different  regions  of  the  brain  (23):  histamine  activates  adenylate  cyclase 
in  the  brain  (24):  and  brain  histamine  turnover  is  increased  by  stress  (25).  Adminis¬ 
tration  of  histidine  systemically  (26)  or  histamine  centrally  (27-29)  evokes  hypother¬ 
mia  due  to  both  H,  and  H:  receptor  activation  (30).  These  neurochemical  and  phar¬ 
macological  studies  suggest  that  histamine  may  be  a  central  neurotransmitter  in¬ 
volved  in  many  physiological  functions  including  thermoregulation  and  could 
underlie  radiation-induced  hypothermia. 

The  purpose  of  the  present  study  was  to  characterize  the  effect  of  exposure  to  ioniz¬ 
ing  radiation  on  body  temperature  in  the  rat  (a)  by  determining  the  effect  of  variable 
doses  of  radiation  on  body  temperature,  (b)  by  determining  whether  radiation  is  act¬ 
ing  on  the  brain  or  peripheral  sites,  and  (c)  by  then  elucidating  possible  mechanisms 
involved  in  these  temperature  responses. 

MATERIALS  AND  METHODS 

!>rug\  used  Indomelhaein  and  serotonin  creatinine  sulfate  (Sigma  Chemical  Co..  St  Louis.  MO);  nalox¬ 
one  (National  Institute  on  Drug  Abuse.  Washington.  IX');  mepyramine  maleate  (Mallinckrodt.  Inc..  St 
I  ouis,  MO),  methysergide  maleate  (Sando/  Pharmaceuticals.  E  Hanover.  NJ);  2-mclhylhistamine  dihy- 


drochlonde.  4-methylhistamine  dihydrochlonde.  and  cimetidme  (Smith  Kline  f  rench  Laboratory.  Phila¬ 
delphia.  PA l.  ketamine  hydrochloride  (Parke-Davis.  IX'troit.  Ml),  xyla/ine  (Hayer-Lockhart.  Shawnee. 
KS);  aceproma/ine  l  A  verst  Laboratories.  NY),  2-methylhistamine.  4-melhylhistamine.  mepyramine.  nal¬ 
oxone.  and  serotonin  were  dissolved  in  sterile,  nonpyrogcnic  saline  Indomelhaein  was  dissolved  in  a  mix¬ 
ture  of  r:  sodium  hydroxide  and  saline,  while  methysergide  was  dissolved  in  I  O'"  dimethyl  sulfoxide 
(DMSO)  and  pyrogen-free  distilled  water  Cimetidme  was  dissolved  in  0  I  ml  of  I  V  HO  and  diluted  to 
the  final  volume  with  saline 

liiHiwh  Male  Sprague- Daw  ley  (TLCLXSDlBR  rats  (Charles  River  Breeding  Laboratories.  Kingston. 
NYl  weighing  200-400  g  were  used  in  these  experiments.  Rats  were  quarantined  on  arrival  and  screened 
for  evidence  of  disease  by  serology  and  histopathology  before  being  released  from  quarantine.  The  rats 
were  housed  individually  in  polycarbonate  isolator  cages  (Lab  Products.  Maywood.  NJ)  on  autoclaved 
hardwood  contact  bedding!  Bela  Chip  Northeastern  Products  Corp  .  Warrensburg.  NY  land  acidified  water 
(pH  2  5  using  HCII  ml  libitum  Animal  holding  rooms  were  kept  at  21  *  l°C  with  50  *  lO'l  relative 
humidity  on  a  l  2-h  light  dark  lighting  cycle  with  no  twilight. 

Rditmuon  rv/ioviov  Male  Sprague- Daw  ley  rats  weighing  200-  too  g  were  used  in  these  experiments 
The  rats  were  placed  in  clear  plasnc  containers  for  approximately  5  min  before  irradiation  or  sham  expo¬ 
sure  I  he  animals  were  exposed  bilaterally  to  varying  doses  of  ->  photons  using  a  o  source  at  a  rate  of 
10  or  20  ( iy  mm  Shielding  of  the  head  or  body  was  accomplished  using  lead  bricks  Dosimetry  was  per¬ 
formed  using  paired  50-ml  ion  chambers  (X'livcred  dose  was  expressed  as  a  ratio  of  the  dose  measured  in 
a  tissue-equivalent  plasm  phantom  enclosed  .n  a  ts .ah.,  to  that  measured  m  air 

(  i’n/rul  <iibmm\thitimi  i’l  linin'  Rats  were  anesthetized  with  1  ml  kg.  im  ol  a  mixture  ol  ketamine  (50 
mg,  kg),  xvla/inc  (5  mg  .kg),  and  aceproma/ine  ( I  mg,  kg),  and  were  placed  in  a  rat  stereotaxic  apparatus 
(David  Kopf  Instruments.  No  520)  A  single  cannula  was  inserted  into  the  lateral  ventricle  according  to 
coordinates  derived  from  (he  atlas  of  Pcllignno  (Y  ,//  1.1/ 1  O  X  mm  posterior  lo  bregma.  2  5  mm  lateral 
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Flo.  I.  Changes  in  rectal  temperature  of  rats  exposed  to  variable  doses  of  ionizing  radiation:  Sham 
radiation  (  ).  I  Gy  (O).  3  Gy  (Of.  5  Gy  (A).  10  Gy  (□).  1 5  Gy  (V),  20  Gy  (•).  50  Gy  ( A).  100  Gy  (▼).  1 50 
Civ  (■>.  hath  point  represents  the  mean  «  SC  of  five  observations  except  (  )  and  (I  1)  which  represent  I  5 
observations.  Zero  on  the  abscissa  represents  body  temperature  at  the  time  of  injection 


I  he  cannula  was  lowered  until  cerebrospinal  fluid  rose  in  the  cannula.  Dental  acrylic  was  used  to  secure 
the  cannula.  Alter  the  end  of  an  experiment,  injection  sites  were  histologically  verified.  I  he  volume  of 
infection  was  always  10  pi.  At  least  I  week  was  allowed  for  recovery  before  animals  were  used  for  experi¬ 
ments  Iniections/radialion  were  done  at  the  same  time  of  day  (0000)  to  avoid  diurnal  variation  in  tempera¬ 
ture  I  he  antagonists  (indomethacin.  naloxone,  mepyrannne.  cimetidine.  and  methysergide)  were  given 
30  min  before  the  administration  of  the  radiation/agonists  (2-methylhistamine.  4-methylhistamine.  or 
serotonin' 

\tva\urvmrnt  nl  bmh  Icmpcruiurc  The  animals  were  placed  in  cages  I  h  before  the  beginning  of  experi¬ 
ments  that  were  carried  out  at  an  environmental  temperature  of  22  *  l*C  Body  temperature  was  measured 
every  I  5  min  over  2  h  with  thermistor  probes  inserted  approximately  6  cm  into  the  rectum  and  connected 
to  a  datalogger  I  Minitrend  205) 

S'/uriv/n  v  Statistical  evaluations  were  undertaken  using  Student's  I  lest  with  a  significance  level  of  /’ 
-  005 

Kl  St  'I  IS 

Exposure  of  rats  to  I  - 1  5  (iy  •>  radiation  induced  hyperthermia,  whereas  20  to  200 
Civ  induced  hypothermia  (Fig.  I).  I  he  onset  o!  these  effects  was  rapid  and  they 
reached  their  maximum  effect  within  15  nun.  The  exposed  rats  normally  did  not 
show  any  significant  behavioral  changes  up  to  100  ( iy  but  started  circling  (two  of  six 
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Fir.  2.  Effect  of  10  Gy  ionizing  radiation  on  body  only  (O).  whole  body  (■).  and  head  only  (•).  Laeh 
point  represents  the  mean  :t  SE  of  six  observations.  Zero  on  the  abscissa  represents  body  temperature  at 
the  time  of  irradiation. 


rats)  when  they  were  exposed  above  100  Gy.  On  the  basis  of  these  results,  a  10-Gy 
dose  of  radiation  was  used  to  determine  the  site  of  action  of  the  effects  of  radiation 
on  body  temperature. 

As  can  be  seen  in  Fig.  2.  hyperthermia  induced  by  a  10-Gy  dose  of  y  radiation 
occurred  only  after  whole-body  or  head-only  exposure,  not  when  the  head  was 
shielded.  Since  whole-body  exposure  resulted  in  the  same  effect  head-only  expo¬ 
sure.  subsequent  studies  used  whole-body  exposure  to  ionizing  radiation. 

Experiments  v  yre  then  undertaken  to  determine  what  mechanisms  may  underlie 
radiation-induceu  changes  in  body  temperature  by  comparing  to  radiation  the  effects 
of  drugs  with  known  actions  and  by  determining  if  antagonists  to  these  drugs  could 
block  the  effects  of  radiation. 

Since  prostaglandins  induced  hyperthermia  ( 7.  <V).  the  effect  of  indomethacin.  an 
inhibitor  of  prostaglandin  synthesis,  on  hyperthermia  induced  by  ionizing  radiation 
was  examined.  Pretreatment  with  1-5  mg/kg  (ip)  of  indomethacin  inhibited  in  a 
dose-dependent  manner  the  hyperthermia  induced  by  1-15  Gy  ■>  photons(Fig.  3  and 
Table  I).  Indomethacin  alone  had  no  effect  on  body  temperature  (Fig.  3).  In  addition. 
1  mg/kg.  ip,  of  indomethacin  (given  immediately  after  determination  of  body  tem¬ 
perature  15  min  after  irradiation)  rapidly  reversed  the  fever  produced  by  irradiation 
(Fig.  4). 

The  effect  of  pretreatment  of  naloxone  on  hyperthermia  induced  by  ionizing  radia¬ 
tion  was  also  determined.  Naloxone  ( 10-50  ^g.  iev)  had  no  significant  effect  on  the 
bodv  temperature  in  control  animals  but  attenuated  the  hy  perthermia  only  at  doses 
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Fie;.  3.  Effect  of  intraperitoneal  injection  of  indomethacin  on  hyperthermia  induced  h\  10  Civ  ionizing 
radiation,  (a)  Indomethacin  (Indo)  I  mg/kg  (A),  3  mg/kg  (■),  5  mg/kg  (•).  vehicle  (♦):  (b)  I0G>  ionizing 
radiation  alone  (■)  and  in  the  presence  of  Indo  1  mg/kg  (•).  3  mg/kg  (a).  and  5  mg/kg  (♦).  Each  point 
represents  mean  ±  SE  of  five  observations.  Zero  on  the  abscissa  represents  temperature  at  the  time  of 
second  injection. 


of  1-3  Gv  (Table  II).  The  hyperthermia  due  to  5  to  1 5  Gy  radiation  was  resistant  to 
10-100  jag,  iev,  of  naloxone  (Fig.  5  and  Table  II).  Doses  of  naloxone  above  100  jag 
were  not  used,  since  they  induce  hyperthermia  in  control  animals. 

Since  histamine  is  released  after  exposure  to  radiation,  its  possible  role  in  the  ther¬ 
moregulatory  effects  of  radiation  was  examined.  To  differentiate  between  actions  on 

TABLE  I 

Effect  of  Indomethacin  on  the  Hyperthermia  Induced  by  Exposure  to  loni/ing  Radiation 


Treatment 

Mean  change  temperature  (X ') 

Vehicle 

E  1  Gy  ionizing  radiation 

0.3  ±  O.IOpi 

nr 

Indomethacin,  1  mg/kg 

+  1  Gy  ionizing  radiation 

0.1  ±  O.IOpi 

5) 

Indomethacin,  3  mg/kg 

+  1  Gy  ionizing  radiation 

-0.1  i  0.15  01 

5) 

Indomethacin,  5  mg/kg 

+  !  Gy  ionizing  radiation 

0.2  ±  0.20  (n  -- 

5) 

Vehicle 

+  5  Gy  ionizing  radiation 

O.fi  +  0.12 (n 

8) 

Indomethacin,  1  mg/kg 

+  5  Gy  ionizing  radiation 

0.1  +  0.12(u  - 

5)* 

Indomethacin,  3  mg/kg 

+  5  Gy  ionizing  radiation 

0  1  r  0.20  (n 

51* 

Indomethacin.  5  mg/kg 

+  5  Gy  ionizing  radiation 

0.2  t  0.15(11 

51* 

Vehicle 

E  1 5  Gy  ionizing  radiation 

0.8  1  0.15(11 

5) 

Indomethacin,  1  mg/kg 

+  15  Gy  ionizing  radiation 

0  3  i  0.20(11 

51** 

Indomethacin.  3  mg/kg 

+  1  5  Gy  ionizing  radiation 

0.2  i  O.IOdi 

5)** 

Indomethacin,  5  mg/kg 

+  1 5  Gy  ionizing  radiation 

0.1  *  0.20(11 

5)** 

"  n  number  of  animals. 

*  Significantly  different  from  5  Gy  ionizing  radiation:  /’  *,  0.05. 

**  Significantly  different  from  1 5  Gy  ionizing  radiation.  /’  ■  0.05. 
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Fig.  4  Effect  of  intraperitoneal  injection  of  indomethacin  on  hyperthermia  induced  by  10  Gy  ionizing 
radiation:  ionizing  radiation  alone  (•land  in  the  presence  of  indomethacin  (lndo)  I  mg/kg  (O).  Each  point 
represents  the  mean  ±  SE  of  five  observations.  Zero  on  the  abscissa  represents  temperature  before  radia¬ 
tion.  At  the  second  arrow  Indo/vehicle  was  administered. 

H1  and  Hi  receptors,  agonists  and  antagonists  specific  for  these  receptors  were  used. 
Mepyramine  (10-30  pg.  icv),  an  H,  antagonist,  and  cimetidine  (10-30  pg,  icv),  an 
H2  antagonist,  both  of  which  were  previously  found  to  antagonize  hypothermia  in- 

TABLE  II 

Effect  of  Naloxone  on  the  Hyperthermia  Induced  by  Exposure  to  Ionizing  Radiation 


Treat  mem 

Mean  change  temperature  (°C ') 

Saline 

Naloxone.  10  Mg 
Naloxone.  30  Mg 
Naloxone.  50  Mg 

+  !  Gy  ionizing  radiation 
+  1  Gy  ionizing  radiation 
+  1  Gy  ionizing  radiation 
+  1  Gy  ionizing  radiation 

0.3  ±  0.05(17  =  10) 

0.1  ±  0.10 (n  =  7)* 
0.1+0.15(77  7)* 

-0.1+0.10(77  7)* 

Saline 

Naloxone.  10  Mg 
Naloxone.  30  Mg 
Naloxone.  50  Mg 

+  3  Gy  ionizing  radiation 
+  3  Gy  ionizing  radiation 
+  3  Gy  ionizing  radiation 
+  3  Gy  ionizing  radiation 

0.4  ±  0.10(77  -  X) 

0.2  ±0.10(71  -  7)** 

0.1  ±0.10(77  =  7)** 

0.1  ±0.15(77  -  7)** 

Saline 

Naloxone.  10  Mg 
Naloxone.  30  Mg 
Naloxone.  50  Mg 

+  5  Gy  ionizing  radiation 
<•  5  Gy  ionizing  radiation 
+  5  Gy  ionizing  radiation 
+  5  Gy  ionizing  radiation 

0.5  ±0.15(77  -  6) 

0.7  +  0.25  (77  5) 

0.7  +  0  15(77  5) 
0.6+0.10(71  5) 

Saline 

Naloxone.  100  Mg 

+  10  Gy  ionizing  radiation 
+  10  Gy  ionizing  radiation 

0.7  +  0.15(71  5) 

09  •  0.25  (77  5) 

Saline 

Naloxone.  10  Mg 
Naloxone.  30  Mg 
Naloxone.  50  Mg 
Naloxone.  100  Mg 

(  1 5  Gy  ionizing  radiation 
*  1 5  Gy  ionizing  radiation 
+  15  Gy  ionizing  radiation 
t-  1 5  Gy  ionizing  radiation 
t  15  Gy  ionizing  radiation 

OX  +0.15(71  5) 

0.4+0.20(71  S) 

OX  +  0  10(71  51 

1.0  >  0.15  (77  5) 

1.1  +  0.20(71  51 

*  Significantly  different  from  I  G>  ionizing  radiation:  /’  •  (1  OS 

**  Significantly  different  from  .3  Gy  ionizing  radiation.  /'  <  005. 
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Nal/Salina 
I  Radiation 


Time  (minutes) 


Fig.  5.  Efi'eet  ol  io  naloxone  on  hyperthermia  induced  by  10  Gy  ioni/ing  radiation,  (a l  Naloxone  (Nal) 
10  ug  (A).  30  ug(*).  and  50  ug(BI'.  (t>)  10  Gy  ioni/ing  radiation  alone  (■)  and  in  the  presence  of  Nal  10  ug 
(♦).  30  ug  (A),  and  50  fig  (•).  Each  point  represents  mean  t  SE  of  live  observations.  Zero  on  the  abscissa 
represents  temperature  at  the  time  of  second  injection. 


duced  by  histamine  in  guinea  pigs  (32),  significantly  antagonized  in  a  dose-dependent 
manner  hypothermia  induced  by  exposure  to  50  Gy  radiation  (Figs.  6  and  7).  In 
addition,  mepyramine  antagonized  hypothermia  induced  by  2-methylhistamine  ( 10 
Mg.  iev),  an  H,  agonist,  but  did  not  antagonize  the  hypothermia  induced  by  4-methyl- 
histamine  (50  Mg.  icv).  an  H:  agonist  (Fig.  6  and  Table  III).  Likewise,  cimetidine 
significantly  attenuated  the  hypothermia  induced  by  4-mcthyihistamine  but  not  that 
induced  by  2-methylhistamine  ( 10  Mg.  icv)  (Fig.  7  and  Table  III). 


Mepyr/Sahne 


Mepyr/Salme 
I  Radiation 


-H4 


30  0  30  60  90  120  30  O  30  60  90  1 20  30  O  30  60  90  120 

Time  Iminutesl  Time  (minutes!  Time  (minutes! 

Fig.  b  t:  fleet  olio  mepyramine  on  hypoihcrmia  induced  by  2-methy  llmtaminc  and  ionizing  radiation, 
(a)  Mepyramine  l  Mepyrt  10  fig  (•)  and  30  ug  ( A):  (b)  10  ug  of  2-mclhylhisluminc  (2-me-ll  \ I  alone  (Bl 
and  in  (he  presenee  of  Mepyr  10  ug  (•)  and  30  ug  ( A):  (el  50  Gy  ionizing  radiation  alone  (■)  and  in  the 
presence  ol  Mepxr  10  ug  (•)  and  30  ug(  A!  Each  point  represents  the  mean  *  SI  of  live  observations  Zero 
on  the  abscissa  represents  temperature  at  the  time  of  second  injection 
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Fig.  7.  Effect  of  icv  cimetidine  on  hypothermia  induced  by  4-methylhistamine  and  ionizing  radiation, 
(a)  Cimetidine  (Cimet)  10  Mg  (•)•  30  Mg  (■).  and  vehicle  (A);  (b)  30  Mg  of  4-methylhistamine  (4-me-HA) 
alone  (■)  and  in  the  presence  of  Cimet  10  Mg  (•)  and  30  Mg  (a):  (c)  50  Gy  ionizing  radiation  alone  (■)  and 
in  the  presence  of  Cimet  10Mg(*)and  30  Mg  (A).  Each  point  represents  the  mean  ±  SE  of  five  observations. 
Zero  on  the  abscissa  represents  temperature  at  the  time  of  second  injection. 
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Serotonin  has  also  been  shown  to  be  involved  in  thermoregulation  (6).  Serotonin- 
induced  hypothermia  (30  ^g,  icv)  can  be  blocked  by  pretreatment  with  the  serotonin 
antagonist  methysergide  (Fig.  8).  However,  methysergide  had  no  effect  on  radiation- 
induced  hypothermia. 


DISCUSSION 

Exposure  of  rats  to  ionizing  radiation  induced  either  hyperthermia  or  hypothermia 
depending  on  the  dose.  Doses  of  1-15  Gy  7  photons  induced  hyperthermia,  while 
doses  of  20-200  Gy  induced  hypothermia.  Radiation-induced  hyperthermia  appears 
to  be  centrally  mediated,  since  body-only  exposure  resulted  in  hypothermia. 

Ionizing  radiation  induces  prostaglandin  synthesis  (32.  33).  The  observations  that 
prostaglandins  are  potent  pyretic  agents  (<V)  and  that  various  anti-inflammatory 


TABLE  III 

E  ffect  of  Mepyramine  and  Cimetidine  on  the  Hypothermia  Induced 
by  4-Methyl  histamine  and  2-Me'hylhistamine 

I  real nh’iit  Mean  change  temper, mite  <°(  7 


Saline 

•  4-Methylhisiamine 

OK 

*0.15(1!  hi 

Mepyramine.  HI  Mg 

•  4-Methylhistamine 

0.7 

*  0.20 (»t  5) 

Mepyramine.  to  Mg 

•  4-Methy  Ihistannne 

0.5 

1  0  2s (n  5) 

Saline 

•  2-Methy  Ihistannne 

O') 

•  O.lOdi  5) 

Cimetidine.  Ill  Mg 

•  2-Melhy  Ihistannne 

11 

•0.25  m  5) 

Cimetidine.  ft)  Mg 

•  2-Methylhistainine 

IIS 

*  0. 1 S  (11  5 1 

.  ■V  -.  -'l 
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30  0  30  60  90  120  30  0  30  60  90  1 20  30  0  30  60  90  '20 
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FIG.  8.  Effect  of  icv  methvsergide  on  hypothermia  induced  by  serotonin  and  ionizing  radiation,  (a) 
Methysergide  (Methy)  10  ^g  (a).  30  jig  (■).  and  vehicle  (•):  (b)  10  *tg  of  serotonin  alone  (■)  and  in  the 
presence  of  Methy  10  iig  (•)  and  30  >ig  (A)\  (c)  50  Gy  ionizing  radiation  alone  (■)  and  in  the  presence  of 
Methy  10  ng  (•)  and  30  ug  (A).  Each  point  represents  the  mean  ±  SE  of  five  observations.  Zero  on  the 
abscissa  represents  temperature  at  the  time  of  second  injection. 


agents  blocked  their  synthesis  in  tissue  (34)  have  implicated  prostaglandins  in  ther¬ 
moregulation.  Indomethacin  attenuated  the  hyperthermia  due  to  low  doses  of  ioniz¬ 
ing  radiation,  indicating  that  this  effect  may  be  mediated  by  prostaglandins. 

Ionizing  radiation  alters  /3-endorphin-like  immunoreactivity  in  the  brain  but  not 
in  blood  (35).  /3-Endorphin  induces  hyperthermia.  When  /3-endorphin  is  injected  cen¬ 
trally  to  different  species,  varying  the  ambient  temperature  and  dose,  the  effect  is 
similar  to  that  observed  after  central  or  peripheral  administration  of  morphine  (36. 
37).  Relatively  low  doses  of  morphine  and  /3-endorphin  raise  the  level  about  which 
temperature  is  regulated  in  rats,  cats,  mice,  rabbits,  guinea  pigs,  and  fish  (38-40).  If 
radiation  induces  the  release  of  /3-endorphin,  naloxone  and  similar  antagonists  ought 
to  lower  temperature.  In  our  experiments,  naloxone  attenuated  only  the  hyperther¬ 
mia  induced  by  1-  and  3-Gy  doses  of  radiation  and  had  no  antagonistic  effect  on 
higher  doses  (5  to  15  Gy). 

Since  indomethacin  attenuated  the  hyperthermia  induced  by  all  the  lower  doses 
studied,  there  may  be  a  possible  interrelationship  between  the  opioid  peptides  and 
prostaglandins.  Opioids  have  been  reported  to  increase  the  synthesis  of  prostaglan¬ 
dins  in  the  central  nervous  system  (41).  If  radiation  exposure  resulted  in  the  release 
of  central  /3-endorphin,  the  resulting  synthesis  and  release  of  prostaglandins  would 
be  blocked  by  indomethacin  treatment. 

The  effect  of  indomethacin  reversing  radiation-induced  hyperthermia  may  have 
some  clinical  utility.  Clinical  reports  of  radiation  accidents  have  consistently  indi¬ 
cated  the  rapid  development  of  fever,  lasting  for  many  hours  (42-44).  Patients  were 
generally  given  antibiotics  to  suppress  infections.  Anti-inflammatory  drugs,  such  as 
indomethacin  (a  drug  used  in  the  treatment  of  arthritis),  have  not  been  used  and 
might  be  useful  adjuncts  to  therapy.  Vomiting  and  diarrhea  are  common  in  accident 
victims,  possibly  making  indomethacin  difficult  to  administer  by  the  normal  oral 
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route.  However,  indomethacin  could  be  included  in  an  intravenous  drip  along  with 
electrolytes  and  antibiotics. 

The  hypothermic  effect  of  high  doses  of  radiation  appears  to  involve  the  release 
of  histamine.  Central  administration  of  2-methylhistamine  (a  relatively  specific  H, 
receptor  agonist)  and  4-methylhistamine  (a  relatively  specific  H2  receptor  agonist) 
caused  hypothermia  in  rats  that  was  selectively  attenuated  by  both  the  H,  receptor 
antagonist,  mepyramine,  and  the  H:  receptor  antagonist,  cimetidine.  Similar  results 
have  been  reported  in  guinea  pigs  and  rabbits  (45.  46).  In  the  present  experiments, 
both  mepyramine  and  cimetidine  specifically  attenuated  the  hypothermia  induced 
by  2-methylhistamine  and  4-methylhistamine,  respectively,  and  also  antagonized 
radiation-induced  hypothermia,  indicating  the  involvement  of  histaminergic  H,  and 
H:  receptors. 

Central  injection  of  serotonin  in  rats  induces  hypothermia  and  was  specifically 
antagonized  by  the  serotonin  antagonist,  methysergide  (47).  However,  serotonin  was 
not  involved  in  radiation-induced  hypothermia,  since  methysergide  did  not  attenuate 
the  hypothermia. 

The  present  results  indicate  that  ionizing  radiation  induces  hyperthermia  after  low 
doses  and  hypothermia  after  high  doses.  Prostaglandins  and  to  some  extent  opioid 
peptides  may  be  involved  in  the  hyperthermia,  and  histaminergic  H,  and  H:  recep¬ 
tors,  but  not  serotonin,  may  be  involved  in  the  hypothermia. 
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Breathing  100%  Oxygen  After  Global  Brain 
Ischemia  in  Mongolian  Gerbils  Results  in 
Increased  Lipid  Peroxidation  and 
Increased  Mortality 


Hubert  S  Mickel.  Yashesh  N.  Vaishnav,  Oliver  Kempski.  Dag  von  Lubitz, 
Joseph  F.  Weiss,  and  Giora  Feuerstein 


Exposure  of  Mongolian  gerbils  to  a  100%  oxygen  atmosphere  after  IS  minutes  of  global  brain  ischemia 
resulted  in  a  marked  increase  in  the  production  of  pentane,  an  in  vivo  product  of  lipid  peroxidation. 
Much  less  pentane  production  occurred  in  animals  subjected  to  global  brain  ischemia  then  exposed  to 
an  air  atmosphere  and  in  animals  exposed  to  a  100%  oxygen  atmosphere  without  ischemia.  Gerbils 
placed  in  100%  oxygen  for  3-6  hours  after  IS  minutes  of  ischemia  also  had  a  threefold  increase  in  14- 
day  mortality  compared  with  gerbils  subjected  to  ischemia  and  then  placed  in  an  air  atmosphere. 
These  findings  raise  a  serious  question  about  the  use  of  oxygen-enriched  atmospheres  during  reperfu¬ 
sion  following  ischemia.  (Stroke  1987;18:426-430) 


BREATHING  oxygen-enriched  atmospheres  is  a 
usual  and  customary  emergency  procedure  for 
patients  suffering  from  an  acute  ischemic  in¬ 
jury  to  the  brain.  Clinicians  show  little  concern  that  the 
resulting  arterial  Po,  is  elevated.  Instead,  concern  is 
focused  on  whether  hypoxia  is  occurring  as  a  conse¬ 
quence  of  respiratory  complications. 

Production  of  free  radicals  of  oxygen  or  reactive 
oxygen  species  occurs  during  reperfuston  following 
ischemia.  Lipid  peroxidation  also  occurs  in  the  brain 
during  ischemic  injury. ;  possibly  related  to  the  pres¬ 
ence  of  endogenous  iron.  '  In  postischemic  brain,  iron 
ion  delocalization  is  thought  to  promote  lipid  peroxida¬ 
tion  by  the  production  of  free  radicals  of  oxygen.1"'1 
Xanthine  oxidase  is  also  a  source  of  reactive  oxygen 
species  damage  in  ischemia.' w  Allopunnol,  a  xanthine 
oxidase  inhibitor,  has  been  shown  to  prevent  free-radi- 
cal-mduced  reperfusion  injury.10  However,  following 
ischemia,  mitochondrial  respiration  is  impaired"  so 
that  an  increase  in  substrate,  i.e..  molecular  oxygen, 
could  result  in  a  dramatic  increase  in  reaction  product, 
i  e  .  oxygen  free  radicals.  The  increase  in  reactive 
oxygen  species  as  a  consequence  of  increased  tissue 
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Po,  could  result  in  the  tissue  injury  and  lipid 
peroxidation." 

There  are  many  products  of  lipid  peroxidation, 
including  those  that  result  from  cleavage  of  the  hydro¬ 
carbon  chain  of  polyunsaturated  fatty  acids  Among 
these  products  are  the  alkanes  pentane  and  ethane.  "  ' 
Pentane  is  produced  from  peroxidative  cleavage  of  the 
cis  double  bond  6  carbons  from  the  hydrocarbon  end  of 
cu-6  fatty  acids  such  as  linoleic  or  arachidomc  acids. 
Ethane  is  produced  in  a  similar  manner  from  w-3  fatty 
acids  such  as  linolcnic  or  eicosapentaenoic  acids. 
These  volatile  hydrocarbons  are  eliminated  into  the 
expired  air  and  reflect  in  vivo  peroxidation.  When 
collected  and  measured,  alkane  production  is  more 
indicative  of  lipid  peroxidation  than  the  measurement 
of  thiobarbitunc-acid-reactive  substances,  which  is 
most  often  used. 16 

To  our  knowledge,  no  studies  measuring  pentane 
production  in  relation  to  brain  ischemia  have  been 
published. 

Materials  and  Methods 

Male  Mongolian  gerbils  (Tumblebrook  Farms), 
weighing  55-65  g  were  subjected  to  15  minutes  of 
global  brain  ischemia  by  bilateral  carotid  occlusion 
under  anesthesia  with  2%  halothane  (2-bromo-2- 
chloro-l.l.l-tnfluoroethane.  Halocarbon  Laborato¬ 
ries,  Hackensack.  N.J.).  Control  animals  were  sub¬ 
jected  to  anesthesia  and  sham  surgery  but  not 
ischemia.  At  the  end  of  15  minutes  of  ischemia  and  or 
anesthesia,  each  animal  was  placed  in  an  atmosphere 
of  either  pure  100%  -sxvgen  (UN  1072.  Air  Products) 
or  breathing  quality  air  (  Air  Products)  To  reduce  the 
amount  of  halothane  present  in  the  closed  atmosphere, 
each  animal  breathed  the  atmosphere  flowing  through 
a  closed  container  measuring  20  x  14  x  6  m  for  30 
minutes.  At  the  end  of  30  minutes,  the  animal  was 
placed  in  a  closed  system  to  measure  pentane  produc- 
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non.  To  decrease  environmental  hydrocarbon  con¬ 
tamination  of  the  expired  atmospheric  sample,  a  10- 
minute  washout  period  of  the  closed  system  was 
required.  The  experiments  were  conducted  according 
to  the  principles  set  forth  in  the  Guide  tor  Care  and 
Use  of  Laboratory  Animals.1'  Institute  of  Laboratory 
Animal  Medicine.  National  Research  Council.  Depart¬ 
ment  of  Health.  Education,  and  Welfare,  publication 
no.  i NTH)  80-23.  1980 

The  animal  holding  chamber  used  for  sampling 
volatile  compounds  was  similar  to  that  described  by 
Lawrence  and  Cohen  '  and  Hafeman  and  Hoekstra.”* 
with  some  modifications.  Figure  1  represents  the 
closed  system  used  in  these  studies.  A  2-1  iter  Nalgene 
vacuum-type  dessicator  was  used  as  the  animal  cham¬ 
ber  Oxygen  or  air  was  introduced  through  a  polypro¬ 
pylene  Y  tube  into  the  air  or  O,  reservoir.  The  reservoir 
was  connected  with  another  polypropylene  Y  tube  to 
the  inlet  of  the  chamber  to  allow  oxygen  or  air  to  enter 
from  the  reservoir  A  water  seal  maintained  the  closed 
system  at  ambient  pressure  The  expired  chamber  air 
was  cycled  through  a  senes  of  3  traps:  5%  H,S04  to 
remove  NH,,  10°!-  KOH  to  remove  CO;,  and  a  cold 
linger  ice  bath  to  condense  water  vapors.  As  NH,  and 
CO.  were  removed  from  the  chamber  air.  equal  vol¬ 
umes  of  oxvgen  or  air  entered  the  chamber  through  a 
stopcock  to  maintain  a  constant  atmosphenc  pressure. 
Before  sampling,  the  pump  was  turned  off.  Forty-ml 
samples  were  removed  with  a  gaslight  synnge  at  a 
three-way  stopcock,  and  an  equal  volume  of  oxygen  or 
air  entered  the  chamber  through  another  stopcock  to 
maintain  constant  atmosphenc  pressure. 

The  sample  was  passed  through  a  stainless  steel 
canndge(3  2  x  70  mmi  filled  with  activated  alumina, 
kept  at  -  323  C  dunng  tilling  and  before  analysis  A 
Vanan  3700  gas  chromatograph  was  equipped  with  a 
Chemical  Data  System  Model  310  concentrator.  The 
canndge  was  insened  in  the  desorber  probe,  and  the 
desorber  was  flash-heated  to  210°  C  for  3  minutes  to 
desorb  and  transfer  the  hydrocarbons  from  the  alumina 
cartndge  to  the  concentrator  trap  (3  2  mm  x  60  cm, 
leading  half  filled  with  charcoal,  the  other  half  with 
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Tenax  On  flash-heating  the  trap  desorbed  the  hy¬ 
drocarbons  onto  the  gas  chromatographic  column  1 3  2 
mm  x  2  m  filled  with  Porasil  B).  The  column  was 
heated  at  60°  C  for  3  minutes,  and  then  the  temperature 
was  increased  to  75°  C  at  l3  min  The  injection  port 
was  maintained  at  220°  C  and  the  flame  ionization 
detector  at  250°  C. 

Areas  of  hydrocarbon  peaks  and  standard  samples 
were  determined  by  tnangulation.  and  the  quantity  of 
pentane  evolved  was  calculated 

Activated  charcoal  (nutshell  type  SK-4.  60  80 
mesh),  activated  alumina  (Alcoa  type  F-l.  60  80 
mesh).  Porasil  B  (80/100  mesh).  Tenax  (2,6-diphenyl- 
p-phenyleneoxide  polymer,  80/100  mesh)  were  all 
purchased  from  Applied  Science  Laboratories.  State 
College.  Penn.  Hydrocarbon  standards  (approximately 
100  ppm  in  helium)  were  obtained  from  Scott  Special¬ 
ty  Gases.  Piumsteadville.  Penn.  Air.  helium,  hydro¬ 
gen.  and  oxygen  (scientific  grade)  for  gas  chromatog¬ 
raphy  were  purchased  from  MG  Industries.  Valley 
Forge.  Penn.  Teflon  tubing  with  Luer  adapters  was 
obtained  from  Hamilton.  Reno.  Nev. .  and  Tygon  tub¬ 
ing.  type  R-3603.  from  Fisher  Scientific  Company 

A  sample  of  the  atmosphere  was  taken  at  the  time 
the  system  was  closed.  This  became  the  zero  time  (30 
minutes  postischemia)  sample.  Subsequent  samples 
were  taken  at  60.  90,  120,  and  180  minutes  after  isch¬ 
emia  or  anesthesia.  There  were  4  groups,  each  with  7 
animals:  2  ischemic  groups  (am  and  oxygen)  and  2 
control  groups  (air  and  oxygen). 

Mortality  was  assessed  for  14  days  after  ischemia  in 
gerbils  exposed  to  oxygen  for  3  or  6  hours. 

The  results  were  analyzed  by  analysis  of  variance 
(ANOVA)  followed  by  the  Student-Newman-Keuls 
test  for  multiple  comparisons  using  an  HP-85  micro¬ 
computer.  Fisher's  exact  test  was  used  to  analyze 
mortality. 

Results 

After  3  hours  of  oxygen  exposure  following  isch¬ 
emia,  a  total  of  581 .3  *  77  I  (mean  z:  SEM)  pmol  of 
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Figure  2.  Production  of  pentane  £>v  Mongolian 
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pentane  per  60-g  animal  was  collected  during  a  1 50- 
minute  collection  period.  Ischemic  animals  placed  in 
air  produced  only  271.5  ±  26.2  pmol  of  pentane  per 
60-g  animal.  Control  animals  placed  in  100%  oxygen 
produced  276.7  ±15.7  pmol  of  pentane  per  60-g  ani¬ 
mal,  and  control  animals  placed  in  air  produced 
213  2  ±  28.4  pmol  of  pentane  per  60-g  animal.  The 
total  amount  of  pentane  produced  by  the  ischemic  ani¬ 
mals  exposed  to  oxygen  was  about  twice  that  produced 
by  the  other  groups  and  is  significantly  different  from 
each  of  the  other  groups  (p<0.01).  Although  differ¬ 
ences  in  pentane  production  were  noted  between  the 
ischemic  animals  placed  in  air  and  the  control  groups, 
these  differences  were  not  significant  at  all  times  sam¬ 
pled  (Figure  2).  Although  the  values  for  60  minutes 
were  marginally  significant,  the  increases  in  the 
amount  of  pentane  formed  by  ischemic  animals  ex¬ 
posed  to  oxygen  at  90,  120,  and  180  minutes  were 
significant  (p<0.01)  by  the  Student-Newman-Keuls 
test.  The  amount  of  peroxidation  measured  by  pentane 
production  is  essentially  3  times  as  much  as  that  ex¬ 
pected  at  180  minutes  by  the  sum  of  the  individual 
contributions  of  ischemia  and  of  oxygen  alone  over  the 
v  alues  for  control  gerbils  exposed  to  air.  Since  the  only 
difference  between  animals  exposed  to  oxygen  after 
anesthesia  and  animals  exposed  to  oxygen  after  occlu¬ 
sion  is  a  15-minute  period  of  brain  ischemia,  the  in¬ 
creased  tissue  oxygen  content  from  breathing  100% 
oxvgen  during  brain  reperfusion  is  assumed  to  result  in 
a  marked  increase  in  lipid  peroxidation.  However,  at 
this  time  we  have  no  direct  experimental  evidence 
demonstrating  that  the  increase  in  pentane  production 
occurs  only  in  the  brain 

Furthermore,  exposure  to  100%  oxygen  for  3-6 
hours  following  global  brain  ischemia  results  m  a 
threefold  increase  in  14-day  mortality  when  compared 
with  animals  exposed  to  air  following  ischemia  In 
fact,  oxvaen-treated  animals  displayed  signihcamlv 
higher  mortalitv  (/?■  0  . M ) !  ;  throughout  tne  14  day •> 


following  the  ischemic  insult.  [In  a  subsequent  experi¬ 
ment.  exposure  of  ischemic  animals  to  100%  oxygen 
for  30  minutes  resulted  in  no  difference  in  mortality 
compared  with  ischemic  animals  exposed  to  air 
( n  =  16  in  each  group).]  There  was  no  significant  dif¬ 
ference  between  exposure  to  100%  oxygen  for  3  or  6 
hours  (Figure  3). 

Discussion 

Pentane  is  a  reliable  parameter  for  measuring  in  vivo 
lipid  peroxidation.19  Pentane  is  also  a  more  sensitive 
index  for  ethanol-induced  lipoperoxidation  than  eth¬ 
ane.-'0  A  problem  in  measuring  pentane  production  in  a 
closed  system  is  that  pentane  is  metabolized  by  the 
monooxygenase  cytochrome  P-450  at  a  rate  5-10 
times  faster  than  ethane. :i  resulting  in  a  decrease  in  the 
total  amount  of  pentane  recovered  due  to  metabolic 
elimination.22  For  that  reason,  the  actual  amount  of 
pentane  produced  is  probably  higher  than  that  mea¬ 
sured  in  these  studies.  However,  the  total  volume  of 
our  system  is  larger  than  of  systems  used  by  others, 
and  perhaps  there  is  a  lesser  proportion  of  pentane 
metabolized. 

Since  all  factors  were  the  same  for  our  control  and 
ischerruc  animals  except  the  occurrence  of  ischemia,  it 
is  most  unlikely  that  a  gastrointestinal  or  bacterial  ori¬ 
gin  for  the  measured  pentane  is  of  any  consequence  in 
this  study,23  and.  most  likely,  the  brain  is  the  site  of  the 
increased  pentane  production  during  oxygen  exposure 
following  global  brain  ischemia. 

The  basal  rate  of  pentane  production  in  control  ani¬ 
mals  exposed  to  air  was  24  pmol  pentane,  kg  body 
wt/min.  This  compares  with  16  pmol  pentane  kg  body 
wirmn  in  human  infants.24  Pentane  production  in  con¬ 
trol  animals  breathing  100%  oxygen  was  31  pmol  pen¬ 
tane  kg  body  wt/min.  If  one  assumes  that  the  increase 
in  production  of  pentane  by  animals  subiected  to  brain 
ischemia  and  then  exposed  to  100%  oxygen  is  derived 
from  the  brain  itself,  it  is  possible  to  dense  the  toliow- 


ing  calculations.  Assuming  that  the  brain  of  a  gerbil 
weighs  l  g  and  that  the  increase  in  pentane  production 
following  global  brain  ischemia  represents  lipid  perox¬ 
idation  in  the  brain,  there  is  a  production  of  pentane  in 
the  brain  of  ischemic  animals  exposed  to  air  of  389 
pmotmiakg  brain  wt.  Calculated  from  the  difference 
between  the  ischemic  and  control  animals  exposed  to 
100%  oxygen,  pentane  production  from  the  brain  of 
ischemic  animals  exposed  to  oxygen,  however,  is 
2,031  pmol/min/kg  brain  wt,  or  2  pmol/min  from  the 
gerbil  brain  This  is  almost  100  times  the  basal  rate  of 
pentane  production  occurring  in  the  control  gerbil 
breathing  air  However,  we  cannot  state  that  this  dra¬ 
matic  increase  in  lipid  peroxidation  caused  the  marked 
increase  in  mortality  occurring  in  these  animals. 

The  fact  that  giving  supplemental  oxygen  is  an  un¬ 
questioned  standard  practice  in  clinical  medicine  for 
ischemia  affecting  the  brain  or  heart  makes  the  ques¬ 
tions  created  by  our  observations  of  major  importance. 
Whether  lipid  peroxidation  is  the  only  pathogenetic 
mechanism  that  is  operative  in  the  oxygen  effect  on 
reperfusion  was  not  demonstrated  in  this  study.  The 
threshold  of  oxygen  concentration  and  the  duration  of 
exposure  needed  to  produce  the  deleterious  oxygen 
effect  have  not  yet  been  determined.  Our  findings  also 
suggest  the  possibility  that  drugs  which  bloc's  oeroxi- 
dation  of  lipids  might  have  a  potential  beneh  xi  effect 
in  the  repertusion  injury  following  ischemia. 

Since  supplementation  with  100%  oxygen  is  a  com¬ 
mon  standard  practice  in  the  clinical  management  of 
acute  myocardial  ischemia  and  stroke,  this  study  sug¬ 
gests  that  its  value  should  be  reassessed,  especially  in 
cases  where  no  obvious  respiratory  difficulties  occur 
and  where  no  deficiency  of  oxygen  is  present  in  per¬ 
fused  tissue 
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Recombinant  mouse  and  human  IL-1  (a  and  0 
forms),  as  well  as  rTNF-a  when  administered  in  vivo, 
induced  the  production  of  the  mouse  acute  phase 
reactants:  serum  amyloid  P -component  (SAP),  C3, 
and  fibrinogen.  The  SAP  response  to  all  three  rIL-1 
proteins  reached  a  maximum  at  a  dose  of  104  U/ 
mouse,  which  corresponds  to  1  to  10  ug  of  protein. 
The  maximum  in  vivo  response  consisted  of  a  10- 
fold  increase  in  SAP  levels,  a  2-fold  increase  in  C3 
levels,  and  a  3-fold  increase  in  fibrinogen  concen¬ 
tration.  By  contrast.  rTNF-a  induced  a  much  smaller 
acute  phase  (AP)  protein  response  (4-fold  Increase 
in  SAP)  when  administered  in  vivo.  Administration 
of  a  combination  if  rIL-1  and  rTNF  resulted  in  an  AP 
response  that  was  additive  for  SAP,  synergistic  for 
fibrinogen,  but  resulted  in  only  th_  same  amount  of 
C3  induced  by  IL-1  alone.  Both  recombinant  mon¬ 
okines  induced  new  SAP  synthesis  by  isolated  hep- 
atocytes  in  vitro  with  an  optimal  response  occurring 
with  either  1  U  of  rDL-l/ml  per  2  x  10s  h:patocytes 
or  10-3  U/ml  of  rTNF.  The  hepatocyte  r  esponse  to 
IL-1  was  of  the  same  magnitude  as  the  response  of 
intact  mice;  however,  the  response  to  TNF  was  ap¬ 
proximately  104  times  more  efficient  in  vitro.  A  mix¬ 
ture  of  the  monokines  induced  an  in  vitro  SAP  re¬ 
sponse  that  was  additive  when  suboptimal  doses  of 
rIL-1  were  combined  with  optimal  amounts  of  rTNF- 
a.  Overall,  the  findings  indicate  that  both  mono¬ 
kines  directly  trigger  hepatocyte  synthesis  of  SAP 
and  that  their  combined  effect  probably  accounts 
for  a  substantial  portion  of  the  synthesis  of  these 
AP  proteins  in  mice. 


During  the  early  stages  of  an  Inflammatory  response. 
M*3  release  a  variety  of  polypeptides  that  are  thought  to 
be  responsible  for  some  of  the  characteristics  of  systemic 
Inflammation  (1.2).  Two  of  these  monokines  or  cytokines 
are  IL-1  and  TNF-a  which  have  been  Implicated  as  me- 


Received  for  publication  August  10.  1987 

Accepted  for  publication  December  30.  1987 

The  coats  of  publication  of  this  article  were  defrayed  In  part  by  the 
payment  of  page  charges  This  article  must  therefore  be  hereby  marked 
advertisement  in  accordance  with  18  U  S  C  Section  1734  solely  to  indi¬ 
cate  this  fact 

1  Supported  by  United  States  Public  Health  Servtce.  National  Institutes 
of  Health  Grant  CA30015  and  a  grant  from  The  Johns  Hopkins  Center 
for  Alternatives  to  Animal  Ulng 

a  To  whom  correspondence  and  requests  for  reprints  should  be  ad 
dressed 

*  Abbreviations  used  In  this  paper  M <t>.  macrophage.  CRP.  C-reactlve 
protein.  SAP.  serum  amvlold  P -com pone ni.  APR.  acute  phase  reactantlsi. 
AP  acute  phase  rhIL  I  and  rhTNF.  human  rll.-l  and  rTNF  rmoll.  1. 
mouse  tJL- 1 


dlators  of  a  variety  of  Inflammatory  events.  Including  the 
Induction  of  synthesis  of  APR  and  AP  proteins  (reviewed 
tn  References  3-5).  The  Induction  mechanslm  of  the 
major  AP  protein  of  humans.  CRP.  has  long  been  thought 
to  depend  on  blood-bome  mediators.  Inasmuch  as  the 
liver  parenchyma]  cells  are  progressively  "recruited"  Into 
CRP  synthesis  beginning  In  the  periportal  areas  as  shown 
with  rabbits  (6).  The  earliest  experimental  evidence  In¬ 
dicating  that  a  leukocyte  product  Induced  an  AP  protein 
was  based  on  the  induction  of  a  group  of  APR  In  rabbits 
In  response  to  purified  leukocyte  endogenous  mediator 
(7).  later  shown  to  be  IL-1  (1.  3).  Evidence  documenting 
the  Induction  of  de  novo  synthesis  of  an  APR  by  liver 
hepatocytes  In  response  to  either  biochemically  purified 
IL-1  or  rIL-1  has  been  limited  to  such  APR  as  fibrinogen 
and  the  C  proteins,  C3  and  factor  B  (8).  minor  APR  which 
increase  In  concentration  by  only  2-fold,  and  to  one  major 
APR  that  Increases  by  >  100-fold,  serum  amyloid  A  pro¬ 
tein.  the  precursor  protein  for  secondary  amyloid  deposits 
(9-11). 

SAP.  which  Increases  In  concentration  by  up  to  40-fold 
in  mice  In  response  to  a  nonlnfectlous  stimulus  (12.  13). 
is  homologous  to  CRP  (reviewed  In  Ref.  1).  SAP  and  CRP 
are  members  of  the  Pentraxln  family  of  proteins  which 
are  composed  of  Identical,  noncovalently  linked  subunits 
and  share  a  66%  amino  acid  and  nucleotide  sequence 
homology  (14-16).  In  general,  the  numerous  biologic  ac¬ 
tivities  assigned  to  both  CRP  and  SAP  are  consistent  with 
their  role  as  effectors  of  nonspecific  host  resistance  (12). 
especially  those  dependent  on  monocyte/Md>  (17.  18).  In 
addition,  amyloid  P  component  has  recently  been  shown 
to  be  a  structural  component  of  several  tissues,  and  may 
be  a  constituent  of  connective  tissue  microfibrils  ( 1 9,  20). 
We  have  previously  reported  that  mouse  SAP  synthesis 
Is  driven  by  biochemically  purified  mouse  IL-1  both  In 
vivo  (2 1 )  and  In  vitro  (22). 

The  studies  described  here  were  designed  to  compare 
the  requirement  for  the  In  vivo  and  In  vitro  Induction  of 
SAP  by  rmoIL-1  and  rhfL-1  (23-25).  as  well  as  rhTNF -a 
(26)Na  mediator  of  many  of  the  same  Inflammatory  events 
as  IL-1  (27).  Inasmuch  as  IL-1  and  TNF-a  are  Induced 
coordlnateiy  by  the  same  stimuli  from  cells  of  the  mono¬ 
cyte  lineage,  we  have  also  Investigated  the  effect  of  their 
combined  administration.  These  experiments  were  done 
in  vivo  and  included  measurements  of  three  AP  proteins 
to  determine  whether  they  are  coordlnateiy  expressed 
SAP.  C3.  and  fibrinogen.  Similarly,  an  IL-1  and  TNF 
Interaction  was  also  studied  directly  in  vitro  by  measur¬ 
ing  SAP  synthesis  bv  Isolated  mouse  hepatoevtes  Our 
I  Hidings  show  that  IL-1  Is  a  more  potent  Inducer  of  APR 
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than  TNF-a.  but  that  the  expression  of  the  acute  phase 
proteins  differ  in  response  to  combinations  of  IL-1  and 
TNF.  The  results  also  show  that  both  monokines  act 
directly  on  hepatocytes.  rather  than  via  additional  media¬ 
tors.  to  Induce  the  coordinated  increase  in  production  of 
these  AP  proteins. 

MATERIALS  AND  METHODS 

Mice.  Female  C57BL/6N.  C3H/HeN.  and  C3H/HeJ  mice  were  ob¬ 
tained  from  Harlan  Sprague  Dawley  (Indianapolis.  IN)  or  the  Animal 
Genetics  and  Production  Branch  (National  Institutes  of  Health.  Be- 
thesda.  MD)  and  were  used  at  5  to  8  wk  of  age  In  all  experiments. 
Mice  were  housed  In  a  Bloclean  model  PCS-80  filter  chamber  (Hazel- 
ton  Laboratories.  Bethesda.  MD)  with  an  air  flow  of  0.7  mVmln. 

Monokines.  rmoIL-1  was  a  generous  gift  from  Dr.  Steven  B  Mlzel 
and  Dr  Peter  M.  LoMedlco  (Hoffmann-La  Roche.  Nutley.  NJ)  and 
had  a  sp.  act.  of  2  x  10*  U/mg  protein  by  the  thymocyte  co-stlmula- 
tlon  assay  (23.  28).  A  goat  anti-serum  specific  for  the  moIL-1  was 
also  obtained  from  Dr  Steven  Mlzel  (29)  rhIL  la  was  obtained  from 
Dalnlppon  Ltd.  (Japan)  and  Hoffmann  LaRoche.  rhIL-lti  was  ob¬ 
tained  from  the  Upjohn  Co  through  the  courtesy  of  Dr.  Daniel 
Tracey.  The  specific  activity  of  rhIL-l-a  was  1  x  107  U/mg  protein 
and  for  rhlL-ld.  1  x  10*  U/mg  The  activity  of  the  rhlL-1  was  based 
on  the  LBRM-33  1A5  proliferation  assay  (28).  rhTNF-a  was  obtained 
through  Dr.  H.  Michael  Shepard  (Genentech.  South  San  Francisco. 
CA)  and  had  a  sp.  act.  of  5  x  107  U/mg  protein  (lot  3056-55)  and  was 
stored  at  4*C.  The  rTNF-a  was  tested  for  biologic  activity  at  the  time 
It  was  diluted  (5  x  10s  U/ml)  for  Injection  or  addition  to  to  hepatocyte 
cultures  by  the  L-929  cytotoxicity  assay  in  the  presence  of  1  Mg/ml 
of  actlnomycln  D  (26).  The  activity  was  50  to  90%  of  the  sp,  act.  of 
the  original  material  and  was  used  within  2  mo  of  receipt.  Rabbit 
anUbody  to  rTNF-a  (Endogen.  Inc.)  was  capable  of  neutralizing  10* 
U/ml  antiserum.  The  endotoxin  content  of  all  the  recombinant  mon¬ 
okines  was  <0  1  ng/mg  protein  by  the  Llmuius  amoebocyte  lysate 
assay  (M.  A.  Bioproducts.  Walkersvllle.  MD). 

Induction  of  APR  In  vivo  by  monokines.  Mice  were  bled  (retro- 
orbltally)  and  serum  or  plasma  concentrations  of  the  APR  deter¬ 
mined  before  beginning  each  experiment  to  ensure  that  the  levels  of 
the  APR  were  within  the  range  of  endogenous  concentrations  for  the 
strain  (13).  Recombinant  cytokines  were  diluted  In  Dulbecco's  PBS 
containing  0.2%  defined  HyClone  FBS  (Logan.  UT).  the  latter  con¬ 
tained  <0.005  ng/ml  endotoxin.  The  same  volume  of  0.5  ml  was 
Injected  i.p.  Into  each  mouse.  For  each  dose  of  the  recomblnent 
protein  five  mice  were  used  per  experiment.  At  20  h  after  injection, 
the  mice  were  bled  and  the  serum  or  plasma  collected  and  stored  at 
-20°C. 

Fibrinogen  assay.  Assays  for  fibrinogen  in  diluted  cltrated 
plasma  were  performed  by  measuring  the  rate  of  conversion  of 
fibrinogen  to  fibrin  In  the  presence  of  thrombin  excess.  The  calibra¬ 
tion  was  made  using  the  Sigma  Diagnostic  Kit  (Sigma  Chemical  Co.. 
St.  Louis.  MO|.  Measurements  of  fibrin  clot  formation  were  per¬ 
formed  on  a  Flbrometer  (Becton  Dickinson.  Mountain  View.  CA). 
The  data  Is  expressed  as  milligrams  of  fibrinogen/ 100  ml  of  plasma. 

Measurement  of  SAP  and  C3.  Serum  levels  of  SAP  and  C3  were 
measured  by  rocket  Immunoelectrophoresis.  Rabbit  antibody  to 
mouse  SAP  was  prepared  as  described  elsewhere  (13.  21)  and  a 
monospecific  goat  anti-mouse  C3  was  purchased  from  Cappel  Labs 
(Cooper  Biomedical.  Malvern.  PA|.  The  rabbit  anti-mouse  SAP  and 
anti-mouse  C3  were  used  at  a  1/120  and  a  1/150  dilution,  respec¬ 
tively.  In  1.0%  agarose  In  low  Ionic  strength  Trlclne-buffer  (pH  8.6). 
The  sensitivity  of  the  assay  was  approximately  2  ng/ml  for  each  Ag 
A  single  acute  phase  mouse  serum  from  A/J  mice  containing  1800 
ng/ml  SAP  and  1 200  ng  C3  served  as  the  standard. 

Isolation  and  culture  of  mouse  hepatocytes.  Mice  were  lightly 
anesthetized  with  sodium  pentobarbital  and  a  retrograde  liver  per¬ 
fusion  was  done  as  described  by  Klaunlg  et  al.  (30).  Briefly,  mlcro- 
tublng  was  inserted  Into  a  small  cut  made  In  the  hepatic  portal  vein 
and  sutured  Into  place.  The  lower  abdominal  vena  cava  was  then 
ligated  and  the  perfusate  allowed  to  run  to  waste  through  a  cut  made 
In  the  subhepatlc  Inferior  vena  cava.  The  liver  was  perfused  first 
with  30  ml  of  CaJ*  and  Mg’*  free  HBSS  containing  10  mM  o-glucose. 


released  from  the  capsule.  After  pipetting  this  suspension  two  or 
three  times,  the  cells  were  passed  through  sterile  gauze,  mixed  with 
an  equal  volume  of  L-15  containing  10%  FBS  and  20  mM  HEPES. 
and  spun  down  at  only  50  x  g  to  remove  Kuppfer  cells  The  cells 
were  resuspended  In  L-15  medium  containing  10%  FBS  (HyClonel. 
15  mg/ml  o-glucose.  0.45  mg/ml  BSA.  10  ng/ml  Insulin.  10'*  M 
dexamethasone.  and  10  mM  HEPES  and  plated  at  2  x  10s  cells/well 
in  24-well  plates  (Coming  No.  2S820|.  After  3  h.  the  medium  and 
nonadherent  cells  were  removed  and  the  same  medium  without 
dexamethasone  was  added  for  another  24  h.  After  this  incubation 
period,  various  amounts  of  rhlL-l-d  and/oi  rTNF-a  were  added  to 
the  cells  along  with  fresh  medium  of  L-15  plus  5%  mouse  serum 
depleted  of  SAP.  1.5  mg/ml  D-glucose.  0.45  mg/ml  BSA.  10  ng/ml 
insulin,  and  20  mM  HEPES.  After  24  h  of  Incubation,  the  superna¬ 
tants  were  removed  and  assayed  for  SAP  levels  by  a  competitive 
ELISA  using  reagents  prepared  as  described  elsewhere  (22).  An 
Immulon-II  plate  (Dynatech.  Cambridge.  MA|  was  coated  at  4°C 
overnight  with  200  ng/weil  of  purified  mouse  SAP  Dilutions  of  the 
culture  supernatants  were  Incubated  overnight  with  a  1  /2000  dilu¬ 
tion  of  IgG  rabbit  anti-mouse  SAP.  The  supernatants  were  then 
added  to  the  coated  wells  and  incubated  for  4  h  at  room  temperature. 
A  1/5000  dilution  of  horseradish  peroxtdase-lgG  (goat)  anti-rabbit 
IgG  (Klrkegard  and  Perry.  Gaithersburg.  MD)  was  added  for  2  h. 
followed  by  the  substrate  o-phenylenedlamtne  at  1  mg/ml  In  0. 1  M 
citric  acid  (pH  4.5)  and  0.012%  hydrogen  peroxide.  A  purified  prep¬ 
aration  of  mouse  SAP  was  used  to  generate  a  standard  curve  over 
the  range  of  10  to  2000  ng/ml.  The  sensitivity  of  the  assay  was 
approximately  10  ng/ml. 

RESULTS 

Induction  of  SAP  In  vivo  by  rlL-1.  We  tested  both 
mouse  and  human  rIL-1  preparations  for  their  SAP-in- 
ducing  capacity  in  the  C57BL/6  mouse  since  this  strain 
is  a  high  SAP  responder  to  many  inflammatory  stimuli 
( 1 3.  2 1 ).  A  dose-response  relationship  between  SAP  levels 
24  h  after  injection  of  rmoIL-1  was  observed  with  a 
maximum  response  occurring  in  response  to  10*  U/ 
mouse  (Fig.  1).  The  10*  U  of  rmoIL-1  corresponds  to  5.0 
tig  of  protein  based  on  a  sp.  act.  of  2  x  106  U/mg  protein. 
A  goat  antiserum  specific  for  the  rmoIL-1  neutralized 
most  of  its  SAP-lnduclng  capacity  when  used  at  a  dilution 
sufficient  to  neutralize  all  of  the  IL-1  activity  in  the 


50  ng/ml  Insulin.  0.5  mM  EGTA,  and  0.4  mM  HEPES  which  was 
kept  at  37"C  This  was  followed  by  perfusion  with  type  IV  collagenase 
(Worthington  B!ochemlcals|  at  175  U/ml  In  L-15  Lelbowltz  medium 
(GIBCO.  Grand  Island.  NY)  until  the  liver  lobes  had  noticeably  dis¬ 
integrated  Throughout  the  perfusion,  the  subhepatlc  Inferior  vena 
cava  was  periodically  clamped  to  Increase  the  Intrahepatlc  pressure 
The  entire  perfusion  was  carried  out  at  37°C  at  a  flow  rate  of  5  ml/ 
min  The  perfused  liver  was  removed,  placed  In  25  ml  of  the  colla¬ 
genase  solution,  and  gently  tweezed  until  most  of  the  cells  were 


r  mo  IL1  units/mouse 

Figure  ;  Production  of  SAP  by  C57BL  6  mice  In  response  to  rmolL- 1 
Female  mice  were  injected  I  p  with  various  amounts  of  rmolL- 1  (#1  diluted 
In  Dulbecco  s  PBS  containing  0  2%  FBS  Controls  received  the  vehicle 
alone  (0  Ul  The  rmolL- 1  was  allowed  to  react  with  a  sufficient  amount  of 
goat  antiserum  specific  for  rmolL- 1  to  neutralize  the  IL  1  activity  In  the 
thvmoryllc  assay  Groups  of  five  mice  per  dose  were  used  Data  represents 
the  mean  |±SD)  from  three  experiments 
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thymocyte  bloassay  (29)  (Fig.  1).  There  was  only  a  slight 
(2. 0-fold)  response  to  the  vehicle  Itself  which  contained 
<0.005  ng  LPS  In  the  amount  Injected  which  is  below  the 
threshold  amount  for  tnducing  a  change  in  SAP  levels 
(13). 

Both  the  a  and  3  forms  of  human  rIL- 1  were  also  active 
in  vivo,  however,  the  a  form  was  slightly  more  active  at 
submaxlmal  doses  (Fig.  2).  The  maximum  SAP  response 
occurred  in  response  to  approximately  104  U  of  each  form 
of  IL-1  which  corresponds  to  1  Mg  of  rlL-la  and  10  ng  of 
rIL-1/3.  respectively.  Heat  inactivation  of  the  rhlL-1  prep¬ 
arations  destroyed  >95%  of  their  activity  in  the  LBRM- 
33-1A5  assay  for  1L-2  production  (data  not  shown),  and 
also  most  of  the  SAP-inducing  activity  (Fig.  2).  A  signifi¬ 
cant  in  vivo  SAP  response  occurred  with  as  little  as  102 
U  of  either  mouse  or  human  rIL- 1  which  corresponds  to 
10  to  100  ng  of  protein.  The  amount  of  IL-1  eliciting  the 
maximum  response  is  equivalent  to  blood  concentrations 
of  ~-10'"  M  concentration,  an  estimate  based  on  the 
uptake  of  all  of  the  1L- 1  Injected  into  the  circulation.  This 
concentration  has  been  associated  with  several  other 
reported  biologic  activities  of  IL-1  (3.  5.  27). 

Kinetics  of  mouse  SAP  Induction.  The  mouse  SAP 
response  to  a  stimulus  such  as  LPS  reaches  a  maximum 
level  30  to  36  h  after  challenge  with  a  single  dose  of  LPS 
(21).  If  IL-1  is  a  mediator  of  SAP  Induction,  then  the 
kinetics  of  the  SAP  response  to  IL- 1  should  be  more  rapid 
than  to  the  inflammatory  agent.  Measurements  at  6-h 
intervals  after  injection  of  rhIL-1-0  indicated  that  the 
maximum  levels  of  SAP  occurred  12  to  18  h  later  and 
rapidly  declined  thereafter  to  the  endogenous  levels  of  30 
to  50  Mg/ml  for  C57BL/6  mice  by  48  h  (Fig.  3). 

In  vivo  induction  of  SAP  by  rTNF-a.  TNF-a  is  another 
cytokine  that  mediates  several  Inflammatory  events  In¬ 
cluding  the  induction  of  APR  (31).  An  Increase  In  SAP 
levels  in  response  to  rTNF-a  occurred  only  at  doses  >1 04 
U/mouse  and  the  maximum  response  was  a  fourfold 
Increase  (Fig.  4).  The  maximum  response  required  5  x 
104  U/mouse.  or  approximately  1  ng  protein  (Fig.  4).  The 


rTNF-a  units/mouse 

Figure  4.  In  vivo  induction  of  SAP  by  rhTNF-a  Various  amounts  of 
rTNF-a  were  injected  Into  mice  and  SAP  levels  measured  24  h  later  Heat 
inactivated  (70°C.  I  h[  rTNF-a  was  also  used  (Af.  Mean  SAP  concentration 
(±SD)  for  three  experiments  with  five  mice  per  dose  in  each  experiment 

activity  of  the  rTNF-a  is  based  on  the  L  cell  assay  of  the 
diluted  protein  (26).  Heat  inactivation  for  1  h  at  70°C. 
which  destroys  the  activity  of  TNF  in  other  assays  (26. 
27),  was  found  to  abolish  most  of  its  SAP-inducing  activ¬ 
ity  (Fig.  4). 

EJJect  of  a  mixture  of  rIL  -l  and  rTNF  on  SAP  produc¬ 
tion.  Since  each  of  the  monokines  is  likely  to  be  present 
simultaneously  (27.  32).  we  tested  whether  TNF  and  IL- 
1  administered  together  resulted  In  a  response  that  was 
either  additive  or  synergestic.  Only  at  the  lower  doses  of 
IL-1  (10'  and  102  U).  coupled  with  an  optimal  dose  of 
TNF,  was  there  evidence  for  an  additive  effect  of  the  two 
monokines  on  the  SAP  response  (Fig.  5).  The  SAP  re¬ 
sponse  of  mice  to  a  mixture  of  several  relatively  high 
doses  ( 1 03  to  10')  of  TNF  and  a  relatively  low  dose  of  IL- 
1  (10  U)  also  generated  an  additive  response  (data  not 
shown).  Thus,  it  appears  that  once  the  maximal  SAP 
response  is  obtained,  there  is  no  further  increase  in 
response  to  a  mixture  of  cytokines. 
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Ftgure  2  Induction  of  SAP  in  C57BL/6  mice  in  response  to  either  rhlL- 
I  a  or  rhIL- 1  d  The  20-h  level  of  SAP  |#4l/ml  tSD)  was  measured  Controls 
received  either  the  vehicle  alone  10  UJ  or  heat  i80°C.  5  mini  inactivated 
rhIL-1  preparations  (A.  A) 
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Hours  After  rhILI  Injection 

Figure  3.  Kinetics  of  the  in  vivo  induction  of  mouse  SAP  synthesis  by 
rhIL-ld  C57BL/6  mtee  were  infused  with  103  U  of  rhlL-U  and  serum 
samples  monitored  every  6  h  for  SAP  levels.  Two  groups  of  six  to  eight 
mice  were  bled  alternatively  every  12  h  (four  sam pies t mouse/  for  AS  h 
Data  are  the  mean  (±SD)  of  two  experiments 
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Figure  5  Effect  of  a  mixture  of  rhIL- 1  and  rTNF-a  on  the  In  vivo 
induction  of  SAP  Mice  received  various  doses  of  rhIL-ld  along  with  an 
optimal  dose  of  rTNF-a  (5x  104  U)  |C]  and  the  SAP  levels  measured  20  h 
later  Controls  consisted  of  mice  receiving  rhlL- Id  alone  (•)  or  rTNF-a 
alone  (£|  Groups  of  five  mice/treatment  were  examined  The  mean  firSDI 
of  two  identical  experiments  Is  shown 
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Figure  6  Fi.ffrrt  ol  rhlL-  Id  and  rhTNF  <»  on  in  vitro  synthesis  of  SAP 
bv  mouse  hrpato*  vies  Ivjlated  hrpatocvtrs  |2  *  10’  ml  per  we!!',  were 
ini  ubated  24  h  with  various  amounts  of  t  he  cytokines  and  the  amount  of 
SAP  secreted  info  the  culture  measured  by  a  competitive  KLISA  Results 
arc  the  mean  >  tSD)  of  four  experiments 

Induction  of  hepatocyte  synthesis  by  rll.  1  and  rTNF 
tn  vitro.  To  test  whether  the  recombinant  cytokines  act 
directly  on  hepatoevtes  to  t filler  new  synthesis  ol  SAP. 
we  tested  isolated  mouse  hepatoevtes  in  vilro  for  SAP 
production  The  optimal  Increase  in  SAP  synthesis  <x 
curred  with  !  0  I  ml  ol  rhll.- 1  -3  per  2  *  10''  hepatoevtes 
|Flg  6|  This  response  w;i<-  induced  t>v  1.0  ng  ol  11.  I 
1  —  10  '  Mi  Significant  restxinses  were  detected  over  the 
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>50  U/ml  were  Inhibitory,  but  not  cytotoxic  when  tested 
by  protein  synthesis  ([3H)leuclne  Incorporation)  of  the 
hepatocytes  vs  untreated  cells.  The  magnitude  of  the  SAP 
response  was  ~  10-fold  and  is  therefore  of  the  same  mag¬ 
nitude  as  the  In  vivo  response  to  the  rhIL- 1  preparation. 

The  In  vitro  hepatocyte  production  of  SAP  In  response 
to  rTNF-a  was  also  examined.  The  optimal  response  oc¬ 
curred  at  concentrations  of  only  10~a  to  10~4  U/ml  of 
rTNF-a  and  was  approximately  a  three-fold  Increase  (Fig 
6).  which  is  similar  to  the  fourfold  Increase  In  the  SAP 
response  In  vivo  (Ftg.  4).  The  addition  of  >102  U/ml  of 
rTNF-a  resulted  in  cytotoxicity  as  detected  by  dye  exclu¬ 
sion  and  protein  synthesis.  The  addition  of  a  mixture  of 
optimal  amounts  of  rTNF-a  and  suboptimal  amounts  of 
rhIL-1/3  to  the  isolated  hepatocytes  resulted  In  a  SAP 
response  that  was  additive,  but  clearly  not  synergistic 
(Table  I).  Subsequent  testing  of  various  mixtures  of  rhlL- 
ld  and  TNF-a  at  concentrations  less  than  optimal  for 
each  monokine  always  generated  SAP  responses  that 
were  additive.  The  results  suggests  that  the  two  cytokines 
probably  regulate  SAP  synthesis  Independently. 

Induction  oj  C3  by  rlL-l  and  rTNF-a.  Increased  pro¬ 
duction  of  C3  by  rIL-l  and  rTNF-a  In  mice  has  been 
associated  with  the  accumulation  of  mRNA  (8.  31).  We 
measured  plasma  levels  of  C3  and  observed  an  Increase 
tn  response  to  rhIL-l-a  which  did  not  appear  to  be  dose- 
dependent  (Table  II).  A  high  dose  of  rTNF-a  (7.5  Mg)  that 
Induced  maximal  SAP  production  also  generated  a  small 
increase  in  the  C3  level.  The  plasma  levels  of  amyloid  P- 
eomponent  and  fibrinogen  from  the  same  mice  are  shown 
for  comparison.  Although  the  SAP  and  fibrinogen  re¬ 
sponses  Increase  In  a  dose-dependent  manner,  the  C3 
levels  did  not.  A  single  combination  of  the  cytokines  did 
not  result  In  any  further  Increase  In  SAP  or  C3,  but 
induced  a  significant  Increase  in  fibrinogen  (Table  II). 

Induction  of fibrinogen  with  rhlL-l  and  rhTNF-a  and 
their  combination.  The  fibrinogen  levels  In  plasma  of 
C57BL/6  mice  receiving  the  two  monokines  was  also 
determined.  The  results  In  Figure  7  show  that  IL-1  alone 
Induced  higher  levels  of  fibrinogen  than  TNF-a  on  a 
weight  basis  for  each  monokine.  Administration  of  IL-1  a 
and  a  large  dose  (7.5  Mg)  of  TNF-a  In  combination  resulted 
In  a  synergistic  induction  of  fibrinogen  as  Judged  bv  the 
increased  slope  of  the  dose-response  curve  and  by  the 
more  than  additive  response  to  the  combination  of  cyto¬ 
kines  (Fig  7).  This  contrasts  with  the  lack  of  a  synergistic 


Effect  of  addition  of  both  rhll.  1.1  and  rT.VF  a  on  SAP  prtxiui  (ton  by 
mouse  hepafix  gtes  In  rum 
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TABLE  0 

Comparison  of  level  of  acute  phase  proteins  (n  C37BL/6  mice  24  h 
after  receiving  rhIL-la  and  rTNF- a* 


Treatment 

Monokine 

Doae 

SAP 

Fibrinogen* 
(%  of  control) 

Serum  C3 
|*tg/ml) 

rhIL-  la 

1  Ong 

29  (12) 

111  (3) 

833(117) 

10  ng 

88  (7j 

168  (4) 

1007  (179) 

75  ng 

251  |75| 

234  (18) 

1029  |1  10) 

ISO  ng 

294  (1  1  1) 

232  (17) 

1170(178) 

500  ng 

327  (97) 

273  (25) 

1 183  (150) 

lOOO  ng 

357(130) 

303  ( 1 0) 

1083  (160) 

rTNF-a 

7  5*g 

257  (1211 

198(29) 

809  (143) 

rhIL- la  and  rTNF-a 

1  50  ng 
7.5  tig 

347  (59) 

332  (7) 

1014  (144) 

Saline 

35  (17) 

100  (9| 

747  (142) 

“Data  obtained  from  three  experiments,  each  of  which  used  three 
mice/dose  of  monokine  Data  are  the  mean  (SDI  of  duplicate  measure¬ 
ments  on  each  serum  or  plasma  sample. 

*  Percent  of  control  calculated  vs  saline  Injection  Icontrol)  value  of  1 1 8 
111]  mg/ 100  ml. 
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Figure  7.  In  vivo  production  of  fibrinogen  In  response  to  rhIL- la  and 
rhTNF-o  C57BL/6  mice  received  various  doses  of  rhIL- 1  a  or  rTNF-a  alone 
or  In  combination  The  results  are  from  three  experiments.  In  each 
experiment,  plasma  from  three  Individual  mice  per  dose  was  assayed. 
The  background  level  of  plasma  fibrinogen  ranged  from  95  to  120  mg/ 
100  ml. 


response  of  SAP  and  C3  to  the  combined  administration 
of  cytokines  at  the  same  doses  (Table  II). 


DISCUSSION 

The  experiments  described  here  show  the  Induction  of 
increased  mouse  SAP  production  In  vivo  and  synthesis 
In  vitro  In  response  to  the  recombinant  monokines.  IL-1 
and  TNF-a.  In  addition,  two  other  AP  proteins  C3  and 
fibrinogen  that  Increase  to  a  lesser  extent  than  SAP,  were 
also  Induced  In  vivo  by  IL-1  and  TNF.  In  general,  the 
magnitude  of  the  SAP  response  generated  by  the  rlL-1 
proteins  is  similar  to  both  the  previously  reported  In  vivo 
response  to  a  variety  of  Inflammatory  stimuli  in  mice 
and  also  the  in  vitro  response  of  hepatocytes  to  culture 
supernatants  of  activated  mouse  M<$  (11.  13.  22,  33). 
Since  M<>  are  the  major  source  of  both  IL-1  and  TNF-a, 
and  each  has  been  shown  to  be  capable  of  Inducing  the 
other  (27.  32).  It  seems  likely  that  these  polypeptide  cy¬ 
tokines  are  released  together  during  the  very  early  stages 
of  a  systemic  inflammatory  response,  and  in  turn  directly 
trigger  hepatic  synthesis  of  several  AP  proteins  in  a  co¬ 
ordinated  fashion.  In  these  studies,  two  Inflammatory 
monokines  Induced  the  production  of  three  distinct  AP 
proteins  The  coordinated  synthesis  of  several  AP  pro¬ 
teins  with  different  biologic  functions  may  occur  In  re¬ 


sponse  to  more  than  a  single  mediator  provided  that  the 
inducing  molecules  (mediators)  are  released  rapidly  by 
cells  that  recognize  alterations  (damage)  In  a  variety  of 
tissues  ( 1  ~3). 

Earlier  work  from  one  of  our  laboratories  reported  that 
activated  products  and  biochemically  purified  mouse 
1L- 1  induced  hepatocyte  synthesis  and  secretion  of  mouse 
SAP  (22.  33).  The  IL-1  for  the  earlier  studies  was  purified 
from  the  supernatants  of  superinduced  P388D,  mouse 
monocytic  cell  line  (34),  the  source  of  rmoIL-l  used  in  the 
present  experiments  (23).  The  possibility  that  other  mon¬ 
okines  such  as  TNF  were  present  in  the  IL-1  preparation 
from  P388D]  could  not  have  been  excluded  at  that  time. 
However,  the  results  with  the  various  forms  of  rlL-l 
described  herein  support  our  earlier  conclusion  that  this 
cytokine  is  a  direct  inducer  of  de  novo  synthesis  of  SAP 
by  hepatocytes  (33).  The  rIL-1  preparations  Induced  a 
detectable  AP  protein  response  with  as  little  as  10  to  100 
ng  amounts  per  mouse,  whereas  a  detectable  response  to 
rTNF-a  required  at  least  a  10-  to  100-fold  greater  quan¬ 
tity.  Although  the  response  to  IL-1  a  was  greater  than  that 
to  IL-1 3  at  some  of  the  lower  doses  tested,  the  overall 
increase  In  the  response  was  similar  for  both  forms  of 
IL-1.  a  result  that  might  be  expected  since  both  forms  of 
1L- 1  have  been  shown  to  bind  to  the  same  receptor  (35, 
36).  It  is  worth  noting  that  the  mRNA  content  for  IL-ld 
in  human  monocytes  is  at  least  10-fold  greater  than  that 
of  IL-1  a  (24).  suggesting  that  the  /3-form  may  be  more 
abundant  in  circulation.  Like  humans,  mice  also  have 
recently  been  shown  to  have  two  distinct  genes  for  IL-1 
(37):  however,  the  rmoIL- 1  used  in  this  study  was  the  pl5 
form,  which  is  equivalent  to  human  1L-Ia  (23). 

Experiments  were  performed  to  determine  whether  IL- 
1  and  TNF  induce  an  AP  protein  response  as  a  conse¬ 
quence  of  the  direct  binding  of  each  monokine  to  distinct 
receptors  on  cells  within  the  target  tissue  (38.  39).  An 
additive  effect  of  a  combination  of  the  monokines  orrthe 
SAP  response  in  vivo  was  observed  only  at  suboptlmal 
doses  of  one  of  the  monokines;  however,  a  synergistic 
response  over  a  broad  range  of  IL- 1  doses  and  a  maximal 
dose  of  TNF  was  detected  only  when  fibrinogen  levels 
were  measured.  The  level  of  C3  also  increased  but  was 
too  limited  to  show  a  dose- response.  The  in  vitro  SAP 
response  to  a  combination  of  monokines  was  also  addi¬ 
tive.  Whether  the  differences  in  the  blood  levels  of  AP 
proteins  reflect  differences  in  their  rate  of  utilization, 
altered  clearance,  or  differences  in  the  rate  of  synthesis 
remains  to  be  determined  for  each  protein.  Studies  of 
CRP  and  serum  amyloid  A  protein  gene  expression  clearly 
show  that  the  blood  levels  primarily  reflect  the  rate  of 
new  synthesis,  rather  than  altered  consumption  (40.  41) 
The  circulating  level  of  mouse  SAP  is  known  to  be  inde¬ 
pendent  of  its  rate  of  clearance  or  catabolism  and  there¬ 
fore  the  level  is  probably  governed  by  synthesis  and/or 
secretion  (42). 

Inasmuch  as  TNF  has  been  shown  to  stimulate  IL- 1 
release  in  vivo  (27).  It  is  difficult  to  determine  the  inde¬ 
pendent  effects  of  each  cytokine.  Both  IL- 1  and  TNF  have 
been  reported  to  have  regulatory  effects  on  the  production 
of  the  AP  proteins  C3,  factor  B  and  a- 1  -antlchymotrypsln 
(increase)  and  albumin  and  transferrin  (decrease)  (31). 
The  results  of  the  experiments  herein  show  that  rTNF-a 
Is  a  less  potent  Inducer  of  SAP  In  vivo  than  IL-1.  The 
same  rTNF-a  used  in  these  studies  has  been  shown  to  be 
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rapidly  cleared  in  mice  with  almost  one-third  of  the  rTNF- 
a  taken  up  by  the  liver  (43).  Although  TNF-a  may  exert 
some  Inflammatory  effects  localized  to  the  site  of  produc¬ 
tion.  It  has  also  been  detected  In  the  plasma  of  animals 
with  systemic  Inflammation  by  bloassays  (43).  The  chem- 
otactlc  activity  of  TNF  for  monocytes  and  polymorpho¬ 
nuclear  neutrophils  (44)  may  serve  to  amplify  the  AP 
protein  response  by  recruiting  cells  to  provide  additional 
mediators  for  hepatic  stimulation. 

Induction  of  SAP  synthesis  by  Isolated  mouse  hepato- 
cytes  In  vitro  permits  the  Identification  of  Inflammatory 
mediators  that  act  directly  on  the  target  cell,  an  experi¬ 
mental  system  that  will  be  critical  for  eventually  deter¬ 
mining  the  molecular  mechanisms  of  IL- 1  and  TNF  trig¬ 
gering  and  regulation  of  SAP  synthesis.  The  mouse 
hepatocyte  cultures  procedure  described  earlier  by  us  (22. 
23).  results  in  single  cell  preparations  free  of  Kuppfer 
and  endothelial  cells,  an  Important  aspect  since  both  of 
the  latter  might  serve  as  a  source  of  additional  IL- 1  and/ 
or  TNF  (27.  32).  The  SAP  response  of  hepatocytes  to  rhlL- 
ld  In  vitro  correlated  well  with  the  In  vivo  SAP  response, 
l.e.,  104  U  (10  Mg)  per  100  x  lo6  hepatocytes/liver  for  an 
optimum  response  which  calculates  to  an  In  vitro  dose  of 
10  U  (0.01  Mg)/ 10s  hepatocytes.  a  dose  only  slightly 
greater  than  the  one  generating  an  optimal  response  (1.0 
U/2  x  105  cells).  The  response  to  TNF-a  in  vitro  did  not 
correlate  with  the  in  vivo  response  since  the  isolated 
hepatocytes  are  at  least  1 04-fold  more  responsive  to  TNF- 
a.  An  explanation  for  this  dissociation  is  not  obvious,  but 
may  be  related  to  the  Interaction  of  TNF-a  with  blood 
proteins  and/or  cells  other  than  the  target  tissue,  which 
might  lower  its  In  vivo  activity.  Comparisons  between  the 
in  vivo  and  In  vitro  responses  must  be  made  with  caution, 
since  not  all  of  the  hepatocytes  respond  in  vitro  (33). 

Although  SAP  Is  a  molecular  homologue  of  human  CRP. 
the  finding  that  mouse  SAP  can  be  Induced  by  IL- 1  and 
TNF  does  not  Imply  that  CRP  is  induced  by  the  same 
monokines.  Goldman  and  Liu  (45)  have  recently  reported 
that  neither  rIL-1  nor  rTNF-a  were  capable  of  Inducing 
human  CRP  synthesis  from  a  human  hepatoma  cell  line, 
but  a  distinct  monocyte  derived  hepatocyte  stimulating 
factor  was  active.  A  similar  hepatocyte-stimulatlng  mon¬ 
ocyte  product  has  been  reported  by  other  groups  exam¬ 
ining  the  induction  of  rat  nonpentraxin  acute  phase  pro¬ 
teins  (46.  47).  However.  Darlington  et  al.  (48)  have  shown 
that  both  rhIL-1  and  rhTNF-a  were  capable  of  Inducing 
several  AP  proteins  from  human  hepatoma  cell  lines 
including  CRP.  There  is  no  reason  to  exclude  the  possi¬ 
bility  of  multiple  Inducing  signals  for  AP  proteins  and 
events. 

The  biologic  significance  of  the  coordinate  Induction 
and  expression  of  AP  proteins  is  most  readily  appreciated 
on  the  basis  of  the  need  for  a  rapid,  nonspecific  host 
defense  response.  The  three  proteins  measured  here 
serve  this  function.  Mouse  SAP  has  been  shown  to 
heighten  llsterlcldal  activity  of  mouse  M<£  (17),  and  to 
Increase  IL- 1  production  by  elicited  Md>  In  vitro  (49).  C3 
is  an  effective  opsonin  and  in  the  form  of  C3b  directly 
mediates  uptake  via  activated  Md>  and  polymorphonu¬ 
clear  neutrophils  (50).  Fibrinogen  would  be  consumed 
during  clot  formation  and  the  fibrinopcptides  generated 
amplify  the  cellular  component  of  the  inflammatory  re¬ 
sponse  (2).  Inasmuch  as  AP  proteins  are  not  the  same 
even  In  closely  related  species.  It  seems  likely  that  selec¬ 


tive  pressures  exerted  on  each  vertebrate  species  dictate 
the  nature  of  the  AP  proteins  and  may  also  Influence  the 
cytokines  mediating  their  Induction. 
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Interleukin  1  (IL  1 ).  a  major  immunoregula- 
tory  monokine,  was  originally  defined  by  its 
ability  to  act  as  a  co-mitogenic  factor  for  murine 
thymocytes  (Gery  et  a!..  1972).  Since  then  IL  1 
has  been  revealed  to  act  as  a  mediator  of  host 
defenses  that  modulates  inflammatory,  immu¬ 
nological  as  well  as  hematological  reactions 
lOppenheim  et  al..  1986).  In  this  report  we  will 
discuss  two  distinct  effects  of  IL  1  with  poten¬ 
tial  therapeutic  applicability:  First,  antitumor 
cell  activities  and  second,  the  bone  marrow  res¬ 
torative  activities  that  probably  account  for  the 
radioprotective  effects  of  IL  1  (Neta  et  al.. 
1986). 

There  is  in  vitro  and  in  vivo  evidence  that  IL 
1  may  play  an  important  role  in  host  defense 
against  tumors  by  augmenting  in  vitro  mono¬ 
cyte-mediated  tumor  cytotoxicity  (Onozaki  et 
al..  1985).  by  augmenting  in  vitro  NK  cell  ac¬ 
tivity  (Matsushimaet  al..  1985)  by  having  direct 
in  vitro  antiproliferative  and  cytocidal  effects 
for  some  tumor  cells  (Onozaki  et  al.,  1985; 
Lovett  et  al.,  1986)  and  by  inducing  in  vivo 
tumor  regression  in  mice  (Nakamura  et  al., 
1986). 

in  the  course  of  investigations  of  the  in  vitro 
cytostatic  effects  of  IL  1  (Onozaki  et  al.,  1985). 
we  established  that  IL  1  inhibited  the  incorpora¬ 
tion  of  tritiated  thymidine  by  the  mouse  my¬ 
eloid  leukemic  cell  line,  Ml  (Onozaki  et  al.. 
1956)  Coincidentally,  we  observed  that  incu¬ 
bation  of  Ml  cells  with  IL  1  in  conjunction 
with  lipopolysacchande  endotoxin  (LPS)  re¬ 
sulted  in  both  synergistic  growth  inhibitory  ef¬ 
fects  and  the  differentiation  of  Ml  cells  into 
macrophage-like  cells  (Onozaki  et  al.,  1986). 
We  therefore  examined  the  effects  of  combina¬ 
tions  of  IL  I .  with  IFN-(3  or  TNF  (which  could 
be  produced  by  Ml  cells  in  response  to  LPS). 
on  the  growth  and  differentiation  of  Ml  cells 
(Onozaki  et  al..  1987) 

We  have  also  shown  that  administration  of 
IL  I  protects  mice  from  death  (Neta  et  al., 
Il7k6l  This  increased  survival  was  paralleled  by 


the  recovery  of  hematopoietic  system  from 
radiation  damage.  In  the  course  of  investigating 
the  reasons  for  the  marrow  (BM)  restorative  ef¬ 
fects  of  IL  1,  we  have  observed  that  administra¬ 
tion  of  IL  1  to  normal  mice  markedly  increases 
cycling  of  bone  marrow  cells.  These  observed 
properties  of  IL  1  induction  of  BM  cell  cy¬ 
cling,  differentiation  of  leukemic  cell  and  its 
cytostatic  effect  may  have  therapeutic  utility. 


MATERIALS  AND  METHODS 

Reagents  -  RPMI  1640  was  purchased  from 
M.  A.  Bioproducts  (Wafkersville,  MD).  Fetal 
calf  serum  (FCS)  was  obtained  from  Hyclone 
Laboratories  (Logan,  UT)  Lipopolysacchande 
(LPS.  E.  coli  0127  B8,  Westphal)  and  latex  par¬ 
ticles  with  a  diameter  of  0.81  jam  were  from 
Difco  Laboratories  (Detroit,  MI).  Ox  erythro¬ 
cytes  were  from  Nippon  Biotest  Laboratory 
(Tokyo).  Rabbit  antibody,  IgG,  against  ox 
erthrocytes  was  prepared  from  antiserum  ob¬ 
tained  by  immunizing  rabbits  with  ox  erythro¬ 
cytes.  Concanavalin  A  (ConA)  was  from  Phar¬ 
macia  Fine  Chemicals,  Uppsala,  Swede.  [  3  H  ] 
Thymidine  ([1HJTdR,  2  Ci/ml)  was  from 
New  England  Nuclear  (Boston  ,  MA).  Prepara¬ 
tion  and  purification  of  recombinant  human 
TNF  (pi  5.9,  17,000  dalton,  1.9  x  106  U/mg), 
production  and  purification  of  recombinant 
human  IL  la  (pi  5.3,  18,000  dalton,  2  at  3  x 
I07  U/ml)  and  natural  human  IL  1-/3  (pi  7.0, 
17,000  dalton.  2.3  x  107  U/mg)  have  been  re¬ 
ported  (Yamada  et  al.,  1985;  Furutani  et  al., 
1986;  Matsushima  et  al.,  1985).  Mouse  rec¬ 
ombinant  IL  1  -a  was  kindly  provided  by  Dr.  P. 
Lomedico  of  Hoffman-LaRoche  (Lomedico  et 
al.,  1984).  Mouse  interferon-a  (1.5  x  106 
U/mg)-/?  (5 .3  x  I07  U/mg)  and  anti-mouse  IFN- 
(3  immunoglobulin  (rabbit)  were  from  Lee  Bio- 
molecular  Research  Laboratories,  Inc..  San 
Diego,  CA.  Antiserum  against  human  TNF  was 
obtained  by  immunizing  rabbits  with  purified 
TNF 
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Purified  human  recombinant  1L  1 -a  (specific 
activity  7  5  x  106  units; mg  protein  as  assessed 
by  the  co-mitogenic  effect  in  the  thymocyte 
proliferation  assay  (Matsushima  et  al..  1985) 
and  recombinant  GM-CSF  supplied  in  sucrose 
(Lot  tt  344-06 1-47  specific  activity  of  4  x  107 
units,  mg  protein)  were  a  generous  gift  of  Im- 
munex  Corp  ,  Seattle,  WA. 

Cell  cultures  -  The  clone  of  Ml  cells  used 
was  M2/436-7  that  had  been  established  by  Dr 
Ichikawa  ( Moore  &  Rouse,  1983)  (Chest  Disease 
research  Institute,  Kyoto  University,  Kyoto, 
Japan)  and  provided  through  Dr.  K.  Akagawa 
(Department  of  Cellular  Immunology,  N'lH, 
Shinagawa,  Tokyo.  Japan).  This  clone  is  known 
to  differentiate  into  macrophages  but  not  into 
neutrophils.  The  cell  line  was  recloned  by 
limiting  dilution,  and  was  maintained  in 
RPMI  1640,  100  n g/rnl  of  Streptomycin  and 
10%  heat  activated  FCS.  To  determine  the  ef¬ 
fects  of  cytokines  or  LPS,  one  hundred  /il  of  a 
cell  suspension  of  Ml  cells (2  x  10s  cells/ml )  in 
RPMI  1640  supplemented  with  antibiotics,  10% 
FCS,  and  test  samples  was  cultured  in  wells  of 
flat-bottomed  microtiter  plates  (Sumitomo 
Bakelite,  Tokyo)  at  37°C  in  5%  COj  in  air  for 
varying  periods.  After  culture,  the  viable  cell 
number  as  judged  by  trypan  blue  dye  exclusion 
was  determined  using  a  hemocytometer. 

Assay  for  differentiation  of  Ml  cells  -  One 
hundred  /al  of  a  suspension  of  Ml  cell  (2  x  10s 
cells/ ml)  in  RPMI  1640  medium  supplemented 
with  antibiotics  and  10%  FCS  was  cultured  in 
wells  of  flat-bottomed  microtiter  plates  at  37°C 
in  5%  air.  Polymyxin-B  (10/ig/ml)  as  indicated 
was  added  to  cultures.  Usually  cells  were  cultured 
for  3  days,  and  their  differentiation  was  deter¬ 
mined  by  measuring  development  of  FcR  expres¬ 
sion  or  phagocytic  activity.  The  assay  for  FcR 
was  performed  by  the  modified  method  of  (Bi¬ 
anco  et  al.,  1970).  Briefly,  Ml  cells  were  cultur¬ 
ed  with  0.4%  EA  (ox  erythrocytes  sensitized  with 
IgG  of  rabbit  anti-ox  erythrocytes  antiserum)  at 
37°C  for  3 hr.  After  cultures,  the  percentage  of 
Ml  cells  with  more  than  three  erythrocytes  at¬ 
tached  was  determined  by  counting  at  least 
200  M2  cells  in  an  hemocytometer.  To  assess 
phagocytic  activity,  Ml  cells  were  cultured  with 
4%  polystyrene  latex  particles  for  8hr,  and  the 
percentage  of  cells  ingesting  more  than  10  latex 
particles  was  determined  in  a  hemocytometer 
by  counting  at  least  200  cells. 

Assay  for  IL  l  activity  -  IL  1  activity  was 
determined  by  measuring  the  incorporation  of 


f  'HjTdR  by  CJH.HeJ  mouse  thvmocvtes  cul¬ 
tured  for  3  days  in  the  presence  of  0  5/jg;ml 
ConA  and  serially  diluted  IL  1  as  described 
(Matsushima  et  al.,  1985)  One  unit  per  milliliter 
was  defined  as  the  reciprocal  of  the  dilution  at 
which  50%  of  the  maximum  thymocyte  pro¬ 
liferation  response  was  obtained. 

Assay  for  IFM  activity  -  The  antiviral  activ¬ 
ity  of  an  1FN  sample  was  assayed  by  inhibition 
of  the  cytopathic  effect  of  vesicular  stomatitis 
virus  on  mouse  L929  fibroblast  cells  (provided 
by  Dr.  Y  (to  of  NIH,  Tokyo)  Antiviral  activity 
expressed  in  1FN  units  was  determined  from 
the  reciprocal  of  the  highest  dilution  of  the 
sample  that  reduced  the  viral  cytopathic  effect 
by  50% 

Assay  for  TNF  activity  -  The  activity  of 
TNF  was  determined  by  a  L929  fibroblast  cell 
lytic  assay.  Briefly,  one  hundred  /al  of  a  suspen¬ 
sion  of  TNF-sensitive  mouse  L929  fibroblast 
cells  (4  x  10s  cells/ml)  were  cultured  with  seri¬ 
ally  diluted  test  samples  in  wells  of  flat-bot¬ 
tomed  microtiter  plates  at  37»C  for  18  hr  in  5% 
C02  in  air  in  the  presence  of  actinomycin  D  ( 1 
/ag/mi).  After  culture,  the  plates  were  washed, 
and  cells  lysis  was  determined  by  staining  the 
plates  with  crystal  violet  (0.5%)  in  methanol/ 
water  (1 :4  V/V).  After  solubilizing  the  dye- 
stained  cells  with  0.1  ml  of  0  1%  SDS.  the 
dye  uptake  was  calculated  by  an  automatic 
micro  ELISA  autoreader  (Immuno  Reader  NJ- 
2000,  Inter-Med).  One  unit  of  TNF  activity  was 
defined  as  the  reciprocal  of  the  dilution  of  sam¬ 
ples  that  lysed  50%  of  the  test  cells. 

Preparation  of  conditioned  medium  of  Ml 
cells  -  Ml  cells  suspended  in  RPMI  1640  me¬ 
dium  supplemented  with  10%  FCS  at  a  density 
of  l  x  106  cells/ml  were  cultured  with  or  with¬ 
out  cytokines  or  LPS  for  2  days.  The  culture 
supernatants  were  dialysed  against  RPMI  1640 
medium,  and  IL  1,  IFN  and  TNF  activities  were 
measured. 

Mice  -  Inbred  strains  of  mice.  C57BL/6J. 
C3H/HeJ,  and  B6D2F1  were  obtained  from 
Jackson  Laboratories,  Bar  Harbor.  ME.  C3H/ 
HeN  mice  were  also  used  (Animal  Genectics  and 
Production  Branch,  NCI,  Frederick,  MD).  The 
mice  were  housed  in  the  Veterinary  Department 
Facility  at  the  Armed  Forces  Radiobiology  Re¬ 
search  Institute  in  cages  of  10-1  2  mice  with  fil¬ 
ter  lids.  Female  mice,  8-12  weeks  of  age  were 
used  for  all  experiments  Standard  lab  chow 
and  HCL  acidified  water  (pH  2.4)  were  given  ad 
libitum.  All  cage  cleaning  procedures  and  injec¬ 
tions  were  carried  out  in  a  microisolator 
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Administration  of  cytokines  and  hydroxy¬ 
urea  -  1L  1  administered  to  three  or  tour  mice 
per  experimental  group  which  were  sacrificed 
by  cervical  dislocation.  Lymphokmes  were  di¬ 
luted  in  0  5%  bovine  serum  albumin  in  normal 
saline  (sterile-filterrd)  to  a  concentration  of  10 
jrg/ml  and  1 00  jig/ ml,  respectively  and  stored  at 

-  20°C  until  just  pnor  to  intrapentoi.cal  ( IP)  in¬ 
jection  into  mice.  The  lymphokines  were  di¬ 
luted  in  pyrogen-free  saline  and  administered 
at  doses  of  100ng/0.5  mi  per  mouse  for  IL  1-a 
and  5  jig/0.5ml  per  mouse  for  GM-CSF.  All 
preparations  contained  less  than  0.06ng  of  LPS 
per  injection  as  assessed  by  the  Limulus  amebo- 
cyte  assay.  In  some  experiments  hydroxyurea 
(HU)  was  injected  (900  mg/ kg  body  weight  IP) 
2  hours  prior  to  sacrifice  of  the  mice. 

Recovery  of  bone  marrow  cells  -  Femurs 
were  removed  and  placed  on  ice  in  Hanks’  Bal¬ 
anced  Salt  Solution  (HBSS)  containing  100 
units,  ml  of  penicillin  and  100  jig/ml  of  strep¬ 
tomycin  (Gibco,  Grand  Island,  NY).  Single  cell 
suspensions  were  prepared  by  washing  each 
cavity  of  the  femur  with  3  ml  of  HBSS  with  a 
sterile  syringe  and  26  gauge  needle.  Cell  counts 
were  obtained  using  a  haemocytometer.  Via¬ 
bility,  as  assessed  by  trypan  blue  exclusion  was 
always  >95%.  Cytospin  slides  were  prepared  on 
a  Shannon  Cytospin  II  (250g.,  6  minutes)  using 
I05  cells  and  0.1  fetal  calf  serum  per  slide. 
They  were  stained  with  a  modified  Wright’s 
Giemsa  stain  (Diff-Quick,  CMS,  ILL),  and  eval¬ 
uated  by  light  microscopy. 

In  vitro  bone  marrow  cell  proliferation  assay 

-  GM-CSF  was  diluted  in  complete  media  con¬ 
taining  RPMI  1640,  10%  fetal  calf  serum  (Hy- 
done),  100  units/ml  penicillin,  100 jag/ ml  strep¬ 
tomycin.  10~5  M  2-mercaptoethanol,  and  2 
mM  L-glutamme.  GM-CSF  was  added  to  96 
well  microtiter  plates  (Falcon)  in  0,1  ml  volumes 
to  yield  final  concentrations  of  10,  1.  and  0.1 
ng,  ml.  Next,  the  bone  marrow  cells  were  added 
in  0  I  ml  volumes  at  concentrations  of  1  x  10s 
and  5  x  104  cells/well.  The  cultures  were  incu¬ 
bated  for  2  days  at  370C  with  5%  C02  m  air. 
The  cells  were  then  pulsed  with  1  jiCl  (3H| 
thymidine  per  well  and  harvested  18  hrs  later 
(Skatron  Cell  harvester.  Sterling,  VAlonto  glass 
fiber  filters  .which  were  then  counted  in  Beta- 
count  scintillation  fluid  on  a  Mark  III  scintilla¬ 
tion  counter. 

Cell  sizing  procedure  -  The  bone  marrow 
cells  were  resuspended  at  a  I  T  00  dilution  of 
the  original  cell  concentration  in  Isoton  II,  an 
isotonic  solution  specific  for  the  Coulter  sizing 


system.  Cell  profiles  were  obtained  at  several 
cell  concentration  (ranging  from  1:500  to  1.10), 
using  different  media  and  at  different  time 
points  ( 1 ,2,  or  4  hrs  after  recovery)  with  similar 
results. 

The  cells  were  collected  by  the  Coulter  sam¬ 
pling  stand  equipped  with  a  manometer.  Since 
the  bone  marrow  cells  range  in  diameter  from 
1/u-lO/i  a  manometer  with  70ji  diameter 
aperture  was  utilized.  The  relevant  Coulter  ZM 
settings  were  amplification  -  8  and  current  - 
100.  For  the  Coulter  channelyzer  C-1000,  the 
base  channel  threshold  was  set  at  )  5  to  exclude 
red  blood  cells  and  the  count  range  switch  was 
set  at  4K.  (Similar  results  were  obtained  at  IK 
and  10K).  These  settings  were  determined  after 
calibrations  of  the  manometer  with  10ji  beads. 
Using  a  shape  correction  factor  of  1 .38  for  lym¬ 
phocytes,  the  size  or  the  threshold  factor  of 
each  channel  was  found  to  be  5  .39  pm  and  the 
range  of  volumes  analyzed  was  80.87  to  620 
jam. 

After  a  sample  of  cells  was  sized,  the  fre¬ 
quency  distribution,  as  determined  by  the  chan¬ 
nelyzer,  was  stored  and  analyzed  using  the  Ac- 
cucomp  software  package  and  an  Apple  III  per¬ 
sonal  computer. 

Flow  cytometric  analysis  of  DNA  content 
and  cell  size  -  Flow  cytometric  analysis  of 
DNA  content  was  performed  using  the  propi- 
dium  iodine  (PI)  staining  technique  (Crissman 
&  Stein  kamp,  1982).  Statistical  analysis  of  the 
results  were  performed  using  the  Mann  Whitney 
and  Wilcoxon  Sign  Ranks  tests. 

RESULTS  AND  DISCUSSION 

In  vitro  regulation  of  Ml  rumor  cell  growth 
and  differentiation  by  cytokines  -  First  it  was 
established  that  incubation  of  Ml  cells  with  LPS 
had  cytostatic  effects  and  induced  the  cell  line 
to  produce  IL  1,  IFN  and  TNF  activities  (Ono- 
zaki  et  al„  1987).  All  three  cytokines  by  them¬ 
selves  (human  recombinant  IL  1-a  at  10  U/ml, 
murine  1FN-0  at  103  U/ml  and  human  recom¬ 
binant  TNF  at  103  U/ml)  also  reduced  the 
number  of  Ml  cells  recovered  after  2  days  and 
more  markedly  after  3  days  of  culture.  Combi¬ 
nations  of  IL  1-a  and  IFN-j3  or  TNF  revealed 
that  paired  cytokines  had  more  than  additive 
growth  inhibitory  effects.  Incubation  of  Ml  cells 
with  combinations  of  IL  1-a  and  IFN-J3  or  IL  1- 
a  and  TNF  almost  completely  suppressed  cell 
replication  (Onozaki  et  al., !  987).  We  established 
that  all  the  cytokine  preparations  and  culture 
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media  did  not  contain  LPS  as  assessed  by  expression  or  phagocytosis  by  M 1  cells  Conse- 


limulus  amoebocyte  assay  (sensitivity  limit  of 
0  1  25  ng/ml). 

We  then  investigated  the  hypothesis  that  the 
cytostatic  effects  of  cytokines  on  Ml  cells  were 
accompanied  by  increased  cell  differentiation. 
The  effect  of  cytokines  on  differentiation  was 
evaluated  by  assaying  FcR  expression  by  Ml 
cells.  Cells  that  attached  more  than  3  erythr¬ 
ocytes  were  considered  FcR  positive.  1L  l  a 
(10  U/ml),  IFN-0  ( 103  U/ ml)  and  TNF  (103 
U/ml)  by  themselves  did  not  induce  FcR  ex¬ 
pression.  In  contrast,  FcR  expression  was  in¬ 
duced  by  combinations  of  IL  1-a  and  IFN-0 
or  IL  1-a  and  TNF  (Onozaki  et  al.,  1987).  FcR 
expression  became  evident  after  2  days  of  cul¬ 
ture,  and  became  more  pronounced  after  3  days 
of  incubation.  Combinations  of  cytokines  in¬ 
creased  not  only  the  percentage  of  cells  that 
bind  3-10  erythrocytes,  but  also  the  percentage 
of  cells  that  bound  more  than  10  erythrocytes. 
Concentrations  equal  to  or  grea'er  than  10  /i/' 
ml  IFN-0  and  >  100  ji/ml  TNF  in  combination 
with  IL  1-a  induced  FcR  expression  in  a  dose 
dependent  manner  (Fig.  1).  IL  1-a  and  IFN-0 
or  TNF  also  synergistically  stimulated  another 
indicator  of  differentiation  namely  phagocy¬ 
tosis.  Again,,  although  none  of  the  cytokines  by 
themselves  enhanced  the  phagocytic  activity  of 
Ml  cells.  IL  1-a  with  IFN-0  or  IL  1-a  with  TNF 
increased  phagocytic  activity.  The  concentration 
of  IL  1-a  needed  to  induce  FcR  expression  or 
phagocytic  activity  was  determined  by  cul¬ 
turing  cells  with  varying  doses  of  IL  I -a  with 
or  without  IFN-0  or  TNF.  Concentrations  equal 
to  or  greater  than  1  U/ml  IL  1-a  synergized  in 
inducing  differentiation.  By  morphological  cri¬ 
teria  cells  treated  with  IL  1-a  and  IFN-0  or  IL 
1-a  and  TNF  after  3  days  of  culture  developed 
the  charactenstics  of  macrophages  such  as  in¬ 
creased  adherence  and  spreading,  enlargement, 
increased  vacuolization,  and  more  nonspecific 
esterase  activity. 

All  IL  1  preparations  tested  including  human 
recombinant  IL  I -a,  natural  IL  1-0  and  mouse 
recombinant  IL  1-a,  behaved  similarly  and  sy¬ 
nergized  with  murine  1FN-0  or  human  recom¬ 
binant  TNF  in  inducing  differentiation  as  as¬ 
sessed  by  either  FcR  expression  or  by  phago¬ 
cytic  activity  Dose  response  studies  revealed 
that  at  1  U/ml  all  three  preparations  of  IL  1 
exhibited  optimal  activity. 

The  combination  of  IFN-0  and  TNF  resulted 
m  enhanced  growth  inhibition.  However,  mix¬ 
tures  of  IFN-0  and  TNF  failed  to  induce  FcR 


quently.  the  cytostatic  effects  of  these  two  cy¬ 
tokines  could  be  dissociated  from  differentiate 
effects. 

The  cytostatic  and  differentiate  effects  of 
T.\F  and  LPS  are  mediated  by  IFiV-0  -  We  pre¬ 
viously  observed  that  TNF  as  well  as  LPS,  but 
not  IL  1,  stimulated  Ml  myelomonocytic  cells 
to  produce  detectible  supernatant  IFN  activity 
after  2  days  of  incubation  (Onozaki  et  al., 
1987).  This  IFN  activity  was  almost  completely 
neutralized  by  a  rabbit  anti-mouse  IFN-0.  but 
not  by  a  control  antiserum.  In  order  to  deter¬ 
mine  whether  the  elaborated  IFN-0  mediated 
the  differentiation-inducing  activity  of  TNF 
and  LPS,  the  effect  of  anti-mouse  IFN-0  anti¬ 
body  on  Ml  cell  differentiation  was  studied.  The 
phagocytic  activity  induced  by  IFN-0.  or  TNF  in 
conjunction  with  IL  1-a,  or  LPS  by  itself  was 
inhibited  by  the  anti  IFN-0  antibody,  but  not 
by  control  rabbit  serum  (Fig.  2).  The  anti¬ 
body  also  inhibited  FcR  induction  by  IL  1-a 
and  IFN-0,  IL  1-a  and  TNF  or  by  LPS  by  itself 
(data  not  shown).  IFN-a  alo  induced  phago¬ 
cytic  activity  only  if  added  with  IL  1-a.  Thus, 
IFN-a  like  IFN-0  in  conjuction  with  IL  1  can 
induce  cell  differentiation.  The  activity  of  IF 
a  was  not  inhibited  by  anti-IFN-0  antibody,  sug¬ 
gesting  that  IFN-a  is  also  capable  of  inducing 
Ml  cell  differentiation.  The  role  of  IFN-0  in  the 
cytostatic  effects  of  the  cytokines  was  also  in¬ 
vestigated.  The  results  on  Fig.  3  show  that  anti- 
IF-0  partly  blocked  the  growth  inhibitory  activ¬ 
ity  of  TNF  and  LPS,  but  not  that  of  IL  1 ,  sug¬ 
gesting  that  the  cytostatic  effect  of  TNF  on  Ml 
cells  also  are  mediated  by  IFN-0. 

A  number  of  tumor  cell  lines  have  been  re¬ 
ported  to  have  varying  degrees  of  sensitivity  to 
the  antiproliferative  effect  of  IL  1,  including  a 
human  melanoma  cell  line,  A375,  a  clone  of 
mouse  fibroblast  cell  line,  L929,  a  human  my¬ 
eloid  cell  line,  K562,  and  a  mouse  T  lymphoma 
cell  line,  Eb  (Onozaki  et  al.,  1985;  Lovett  et  al., 
1986).  The  present  study  demonstrates  en¬ 
hanced  in  vitro  cytostatic  effects  of  IL  1  in 
combination  with  IFN  or  TNF  on  an  immature 
myeloid  Ml  cell  line.  Our  study  suggests  that 
even  when  the  cytostatic  effects  of  a  cytokine 
such  as  IL  1  are  modest,  the  growth  inhibitory 
effect  of  cytokines  can  be  strikingly  accentuated 
by  interactions  with  other  cytokines  The  in 
vitro  synergistic  tumoncidal  effect  of  the  com¬ 
bination  of  TNF  and  IFN-gamma  has  been  well 
documented  for  several  tumor  cell  lines  (Wil¬ 
liamson  et  al.,  1983,  Tsujimoto  et  al.,  1986)  It 
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Fig  I ;  Synergistic  effect  of  IL  la  and  IFN0  of  TNFa  on  the  induction  of  FcR  expression  and  phagocytic  activity 
of  Ml  cells.  The  %  of  FcR  positive  cells  -  SD  and  the  %  phagocytic  cells  ±SD  of  triplicate  cultures  are  shown.  Ml 
cells  were  treated  with  varying  doses  of  IFN/3  or  TNF  with  or  without  IL  1  for  3  days. 


has  been  hypothesized  that  IFN-gamma  may 
synergize  with  TNF  by  up-reguiating  the  ex¬ 
pression  of  receptors  for  TNF  (Tsujimoto  et  al., 
1986).  Similarly.  IL  1  may  induce  the  expres¬ 
sion  of  IFN  and/or  TNF  receptors  on  Ml  cells. 

To  effectively  induce  differentiation  required 
the  continuous  presence  of  two  cytokines,  IL 
l -a  and  IFN-0,  or  IL  1-ot  and  TNF  during  the 
entire  course  of  incubation.  Therefore,  cells 
probably  require  two  distinct  but  concomitant 
signals  provided  by  IL  1  and  IFN-0  or  TNF. 
Although  IL  1  by  itself  did  not  mduce  the 
production  of  IFN  activity  by  Ml  cells,  both 
TNF  and  LPS  induce  the  production  of  IFN 
activity.  The  differentiation  inducing  activity 
of  TNF  and  LPS  could  be  completely  neutral¬ 
ized  by  specific  antibody  to  IFN-0.  IFN-0  itself 
could  induce  differentiation  of  MI  cells  in 
combination  with  IL  1.  Consequently,  IFN-/? 
appears  to  mediate  the  induction  of  Ml  cell 
differentiation  into  macrophages  by  TNF  and 
LPS.  Recently,  Resnitskv  et  al.  ( 1986)  reported 
that  IFN-/3  also  mediates  the  differentiation  of 
Ml  cells  induced  by  phorbol  myristic  acid  or 
colony  stimulating  factor  1 .  since  such  differen¬ 


tiation  can  be  blocked  using  specific  antibody 
to  IFN-/?  (Resnitzky  et  al.,  1986).  Therefore, 
IFN-/3  along  with  IL  1  may  be  essential  medi¬ 
ators  of  M 1  cell  differentiation. 

The  relationship  of  differentiation  to  cy- 
tostasis  is  not  clear  cut.  Although  the  induction 
of  differentiation  of  Ml  cells  is  always  associ¬ 
ated  with  growth  inhibition,  the  reverse  is  not 
always  the  case.  Based  on  our  results  we  cer¬ 
tainly  cannot  claim  that  antiproliferative  effects 
of  cytokines  are  necessarily  associated  with  dif- 
ferentiative  events.  However,  use  of  more  sensi¬ 
tive  assays  of  differentiation  might  establish  a 
direct  correlation  between  differentiative  and 
cytostatic  events. 

In  conclusion,  combinations  of  cytokines  act 
synergistically  both  to  inhibit  tumor  growth 
and  to  enhance  cell  differentiation.  Our  study 
also  shows  that  minimal  non-toxic  doses  of  IL  I 
suffice  for  obtaining  anti-proliferative  effects  of 
IL  I  provided  it  is  used  in  conjunction  with 
1FN/3  or  TNF.  Thus,  combinations  of  these  cy¬ 
tokines  may  prove  useful  in  treatment  of  some 
types  of  tumors  in  vivo. 
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Fig  2:  Effect  of  anti-mouse  IFNtf  antibody  on  induction  of  phagocytic  activity  of  Ml  cells  by  cytokines  and  LPS. 
Ml  cells  were  treated  with  cytokines  or  LPS  in  the  presence  of  control  rabbit  antibody  or  anti-IFNd  antibody  for 
3  days,  and  the  %  of  phagocytic  cells  determined.  All  the  cultures  except  for  those  with  LPS  were  incubated  in 
the  presence  of  polymyxin-B  ( 10  )i/  ml).  IFNa,  fl  and  TNF  were  used  at  103  U/ml,  and  1L  la  at  10  U/ml.  The  % 
phagocytic  Ml  cells  ±  SD  of  triplicate  cultures  induced  by  cytokines  oi  LPS  in  presence  or  absence  of  anti-IFNfl 
is  shown. 


Bone  marrow  restorative  effects  of  IL  l  - 
Administration  of  LPS  to  mice  1  day  prior  to 
lethal  doses  of  irradiation  reduces  the  suppres¬ 
sion  of  hematopoiesis  (Smith  et  al.,  1958). 
Intraperitoneal  (IP)  administration  of  IL  1,  20 
his  before  a  lethal  dose  of  radiation,  increases 
the  survival  of  mice  in  association  with  hem¬ 
atopoietic  recovery  as  indicated  by  the  produc¬ 
tion  of  increased  numbers  of  nucleated  bone 
marrow  cells  by  5  -  13  days  following  irradia¬ 
tion  (Neta  et  al.,  1986).  As  observed  with  LPS, 
the  number  of  endogenous  splenic  colonies 
(EFUs)  was  also  greatly  enhanced  in  IL  l 
treated  irradiated  mice  (Neta  et  al.,  1986). 

To  evaluate  further  the  myelopoietic  conse¬ 
quences  of  IL  1,  the  effect  of  IL  1  on  normal 
murine  bone  marrow  was  evaluated  (Neta  et  al., 
1987).  Although  20  hrs  after  an  IP  injection  of 
100  ng  IL  1  there  was  no  increase  in  the  number 
of  bone  marrow  cells,  the  numbers  of  enlarged 


bone  marrow  cells  were  increased  by  25.3  t 
4.1%  as  determined  by  Flow  cytometry. 

The  cause  of  the  bone  marrow  cell  enlarge¬ 
ment  was  investigated  by  giving  IL  1  treated 
mice  hydroxyurea  (HU);  an  agent  that  arrests 
cells  at  the  Cl/S  interphase  of  the  cell  cycle 
and  is  toxic  to  cells  in  the  S  phase.  Treatment 
with  HU  eliminated  the  number  of  large  bone 
marrow  cells  in  IL  1  treated  mice,  but  had  no 
effect  on  the  size  distnbution  of  cells  from  con¬ 
trol  mice  (Table  I).  This  result  suggests  that  IL 
1  induces  bone  marrow  cells  to  enter  the  cell 
cycle.  This  hypothesis  was  further  supported  by 
data  showing  increases  from  26.7  to  39.2%  of 
large  BM  cells  in  the  S+Gl+M  phases  of  the 
cell  cycle  in  IL  1  treated  over  control  mice  as 
determined  by  flow  cytometric  analysis  of  cel¬ 
lular  DNA  content  (data  not  shown). 

Finally,  we  compared  the  capacity  of  con¬ 
trol  and  IL  1  treated  BM  cells  to  proliferate  in 
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I  ig  3  Effect  of  anti-mouse  IFNfl  antibody  on  the  growth  inhibitory  effects  of  cytokines  and  LPS  for  Ml  cells. 
Ml  cells  were  treated  with  varying  doses  of  cytokines  and  LPS  in  the  presence  of  control  rabbit  antibody  or  anti- 

II  NJ  antibody  for  3  days,  and  then  the  viable  cell  number  determined.  All  the  cultures  except  for  LPS  were 
conducted  m  the  presence  of  polymyxin-B  i  10  Jig/ml)  Addition  of  polymyxin-B  did  not  influence  cell  growth. 
I  he  mean  *•<,  of  control  i  SD  of  triplicate  cultures  is  shown. 
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1  I  OPPENHEIM  tr  AL 


Effect  of  administration  of  Hydroxyurea  1HI1  on  the 
Mze  of  bone  marrow  cells  from  IL  1  treated  and 
control  mice 


Cell  Volume  Distribution 

Overall  Medium  Large 

In  vivo 

treatment 

1.80-620)* 

(215-323) 

(324-6201 

IL  1 

HU 

- 

97  US* 

94  i  3 

88  ±8 

* 

00  ±6 

79  i  10" 

74  ±4" 

'Range  of  cell  volume  in  MMJ 

"Mean  %  change  in  cell  number  in  different  cell  size 
compartment  in  saline  or  IL  1  treated  mice  vv/wo 
subsequently  administrated  HU.  Mean  -  SEM  of  20 
experiments  is  shown  utilizing  3-4  mice  in  each  group 
BM  from  4  different  inbred  mouse  strains  was  assessed 
20  hrs  following  IL  treatment  and  2  hrs  following  HU 
or  saline  administration,  using  a  Coulter  channelyzer. 

"p  =  <0  01 

culture  for  72  hr  in  response  to  GM-CSF;  a 
growth  factor  for  macrophage  and  granulocyte 
progenitor  cell  (Moore  &  Rouse,  1983).  The 
results  show  that  the  proportion  of  GM-CSF  re¬ 
sponsive  progenitor  cells  present  in  BM  of  IL  1 
treated  mice  approximately  doubled  (Table  II). 
Consequently,  prior  in  vivo  treatment  with  IL 
1  does  enrich  the  BM  in  progenitor  cells  with 
the  capacity  to  subsequently  proliferate  in  vitro 
in  response  to  GM-CSF.  This  latter  response  to 
IL  1  as  could  be  expected,  was  blocked  by  con¬ 
comitant  treatment  of  mice  with  HU.  This  in¬ 
dicates  that  IP  administration  of  IL  1  induces 
an  increased  proportion  of  GM-CSF  responsive 
BM  cells  to  enter  the  S  phase  of  the  cell  cycle. 

We  have  demonstrated  that  administration 
of  IL  1  to  mice  therefore  has  several  stimu¬ 
latory  effects  on  bone  marrow  cells.  IL  1  stimu¬ 
lates  an  increase  in  GM-CSF  responsive  macro¬ 
phage  and  granulocyte  progenitor  cells  in  the 
bone  marrow,  increases  the  proportion  of  large 
bone  marrow  cells  as  measured  by  Coulter  Vo¬ 
lume  channelyzer  and  by  light  scattering,  in¬ 
creases  the  sensitivity  to  HU  treatment  and  in¬ 
creases  the  proportion  of  cells  in  S  and  Gj  +  M 
phases  of  cell  cycle.  Since,  the  late  S  phase  of 
the  cell  cycle  was  reported  in  numerous  studies 
to  be  the  most  radioresistant  phase  of  the  cell 
cycle  (Denenkamp,  1986).  the  radioprotective 
effect  of  this  cytokine  may  be  related  to  the 
induction  of  larger  number  of  bone  marrow 
cells  into  the  radioresistant  late  S  phase. 

However,  based  on  this  in  vivo  data  we  can¬ 
not  conclude  whether  the  effects  of  IL  1  on  BM 


cell  cycling  are  direct  or  indirect.  For  example, 
IL  1  has  been  documented  to  indirectly  induce 
T  cells  to  progress  into  the  S  phase  of  the  cell 
cycle  by  stimulating  the  production  of  IL  2 
(Smith  et  al.,  1980).  Our  results  show  that  IL 
1  by  itself  is  net  a  direct  in  vitro  growth  stimu¬ 
lant  of  bone  marrow  cells  or  of  GM-CFU  (Vogel 
et  al.,  1987).  IL  1  presumably  is  acting  indi¬ 
rectly  as  a  co-stimulant.  In  fact,  one  of  us  has 
observed  that  following  intrapentoneal  adminis¬ 
tration  of  a  single  dose  of  recombinant  IL  1, 
high  titers,  1-2  x  I03  units  per  ml  of  CSF, 
appeared  in  the  circulation  within  2  hr  and  per¬ 
sisted  for  up  to  6  hr.  (Vogel  et  ai.,  1987).  Fur- 
themore.  there  are  reports  that  IL  1  can  stimu¬ 
late  CSF  production  by  stromal  cells  (Adamson. 
1986).  Similarly,  fibroblasts  stimulated  with  IL 
1  release  supernatant  factors  that  support  CFU- 
GM,  BFU-E  and  CFU-GEMM  colony  formation 
(Zucali  et  al.,  1987).  It  is  therefore  probable 
that  in  addition  to  CSF,  IL  1  may  stimulate  the 
release  of  other  hematopoietic  growth  factors. 

As  an  endogenous  pyrogen  and  mediator  of 
the  inflammatory  response,  IL  1  has  been  con¬ 
sidered  a  noxious  rather  than  a  beneficial  cy¬ 
tokine.  However,  IL  1  has  been  implicated  as  a 
differentiation  and  maturation-inducing  agent 
for  a  vanety  of  cells  (Oppenheim  et  al..  1986). 
IL  1  has  been  proposed  to  participate  in  wound 
healing  (Oppenheim.  1986)  and  to  increase  pro¬ 
tection  from  infections  (Kampschmidt  8i  Pul¬ 
liam,  1975).  Our  own  studies  demonstrated  IL 
1  to  be  a  radioprotector  (Neta  et  al.,  1986)  In 
addition,  the  enhanced  levels  of  IL  1  detected 
the  placenta  and  amniotic  fluid  (Flynn  et  al.. 
1985),  in  the  circulation  after  exercise  (Can¬ 
non  8i  Kluger,  1983),  and  post  ovulation  (Can¬ 
non  &  Dinarello,  1985),  suggest  that  this  cyto¬ 
kine  may  play  a  constructive  role  in  normal 
function,  as  well  as  in  the  recovery  and  repair 
of  damaged  BM  cells. 

IL  1  in  synergy  with  CSF  promotes  the 
growth  and  differentiation  of  bone  marrow  pro¬ 
genitor  cells  into  myeloid  cells  IL  1  in  conjunc¬ 
tion  with  IFN0  also  has  cytostatic  differen- 
tiative  effects  on  Ml  cells.  The  differentiative 
effect  of  IL  1  on  hematopoeitic  cells  resembles 
its  el  ect  on  MI  cells.  Although  the  antitumor 
and  restorative  effects  of  IL  1  are  apparently 
disparate,  they  may  both  be  based  on  the  ca¬ 
pacity  of  IL  1  to  synergistically  enhance  the 
effects  of  other  induced  cytokine  signals. 
Consequently,  IL  I ,  by  initiating  a  number  of 
cytokine  cascades  may  have  divergent  in  vivo 
beneficial  effects. 
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Effect  of  IL  1  administration  on  subsequent  in  vitro  GM-CSF  induced 
proliferation  of  murine  BM  cells 


In  vitro  GM-CSF 
<  ng;  ml ) 

Number  of 
cells  per  well 

In  vivo  IL  1 

1  treatment 

+ 

None 

5  x  1 0a 

594  i  83 

5S6  t  70 

Nor.e 

1  x  10* 

662  i  98 

869  £  109 

10  0 

5  x  104 

13.611  t  1.145 

20.456  ±  1.195 

10  0 

1  x  10s 

19,852  i  1.911 

33.360  ±2.131 

‘  Mean  cpm  ±  SD  of  JHTdR  incorporated  by  triplicate  cultures  of  incuba¬ 
ted  for  72  hr.  The  experiment  is  representative  of  the  15  experiments 
performed  using  4  different  inbred  mouse  strains.  BM  was  obtained  25  hrs 
following  IP  administration  of  1 00  ng  IL  1  or  saline. 
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Summary 

Secretory  granules  have  been  observed  to  swell  during  the  process  of  exoevtosis.  Swelling  is  an  indication  of  osmotic 
stress.  The  probable  role  of  osmotic  pressure  in  facilitating  membrane  fusion  makes  it  necessary  to  determine  whether 
granule  membrane  'swelling'  can  occur  prior  to  its  fusion  with  the  plasma  membrane  (pore  formation)  in  the  process  of 
exoevtosis.  By  subjecting  adjacent  thin  and  semi-thin  sections  of  an  activated  granule  to  ultrastructural  examination  for 
membrane  enlargement,  and  to  metachromatic  staining  for  verification  of  pore  formation  it  is  concluded  that  the 
perigranular  membrane  can  indeed  enlarge  prior  to  pore  formation.  However,  the  degree  of  membrane  enlargement  can 
far  exceed  the  limit  of  2-3"-»  stretching  allowed  under  normal  osmotic  stress  for  a  membrane  bilayer.  Such  an  extensive 
membrane  enlargement,  which  takes  place  in  the  mechanism  of  exocytosis,  cannot  be  achieved  without  being 
accompanied  bv  the  insertion  of  additional  membrane. 


Introduction 

The  symptoms  of  radiation  sickness  are  consistent 
with  those  associated  with  mast  cell  degranulation 
(Conte  et  at.,  1936;  Eisen  &  Wilson,  1957).  In  an 
effort  to  better  understand  how  to  control  the  mast 
cell-induced  aspects  of  radiation  injury,  we  have 
studied  the  mechanism  of  mast  cell  granule  exoev¬ 
tosis,  particularly  the  events  involving  granule 
activation  prior  to  histamine  release. 

Granule  swelling  appears  to  be  a  prerequisite  of 
mast  cell  granule  release  (Bloom  &  Haegermark, 
1965,  Bloom  &  Chakravartv,  1970;  Padawer,  1970; 
Anderson  et  it/.,  1973;  Lawson  et  at.,  1977;  Uvnas, 
1982;  Curran  &  Brodwiek,  1985).  Granule  swelling 
is  also  implicated  in  other  secretorv  systems  such  a^ 
the  sea  urchin  egg  cortical  granule  release  (Zimmer- 
berg  &  Whitaker,  1985),  the  catecholamine  release 
from  the  adrenal  chromaffin  granules  (Holz,  1986), 
the  trichocvst  release  bv  Paramecium  cells  (Bilinski  et 
ill.,  1981),  and  the  nematoevst  discharge  from  the 
stinging  cells  of  Hydra  (Holstein  &  Tardent,  1984). 
This  swelling  mav  represent  the  onset  of  an  osmoti- 
callv  driven  fusion  event  between  the  perigranular 
membrane  and  the  plasma  membrane,  and  mav  be 
analogous  to  the  in  vitro  fusion  of  phospholipid 
vesicles  with  a  planar  membrane  (Cohen  et  al., 
1982;  Finkelstein  et  al.,  19861. 
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Uvnas  has  described  the  initial  event  in  the  mast 
cel!  degranulation  process  as  an  enlargement  of  the 
perigranular  space,  which  is  represented  by  the 
formation  of  a  space  between  the  granule  matrix 
and  its  membrane  (Uvnas,  1982).  Many  morpholo¬ 
gical  changes  associated  with  the  mast  cell  granule 
activation  have  also  been  described  bv  other  inves¬ 
tigators  (Chi  et  al.,  1976;  Caulfield  et  al.,  1980; 
Henriquez  et  al.,  1983).  The  term,  'altered  granule', 
has  been  used  to  refer  to  a  swollen  granule  with  a 
dispersed  matrix  (Bloom  &  Haegermark,  1965).  The 
degree  of  granule  alteration  and  the  number  of 
granules  showing  morphological  alteration  also 
correlate  well  with  the  release  of  histamine  (Bloom 
&  Chakravartv,  1970;  Rohlich  et  al.,  1971).  W'hen 
stained  with  a  metachromatic  dve  such  as  Toluidine 
Blue,  the  altered  granule  appears  pink  while  un¬ 
altered  or  quiescent  granules  stain  dark  blue  or 
purple.  The  exhibition  of  metachromasv  bv  the 
altered  granule  is  the  result  of  a  dve  spectral  shift 
caused  by  an  interaction  between  the  uniquely 
arranged  dve  molecules  bound  to  the  anionic  sites 
on  the  granule  matrix  previously  occupied  bv  hista¬ 
mine.  Therefore,  those  granules  which  retain  their 
histamine  will  stain  dark  blue  or  purple  while  those 
granules  which  have  lost  their  histamine  will  stain 
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pink  with  Toluidine  Blue  (Bloom  &  Haegermark, 
1965;  Anderson  et  al.,  1974;  Uvnas,  1982).  For  a 
review  on  the  principle  of  metachromasy,  see 
Bergeron  &  Singer  (1958).  The  pink  colour  of  the 
metachromatically  stained  granule  is  an  indication 
that  its  perigranular  membrane  has  already  fused 
with  the  plasma  membrane.  This  fusion  results  in 
the  formation  of  a  pore  through  which  the  granule 
mediators  are  discharged  and  the  granule  histamine 
content  is  released  via  a  cation  exchange  mechan¬ 
ism  (Lagunoff  et  al.,  1964;  Thon  &  Uvnas,  1967; 
Uvnas,  1982). 

Additional  evidence  indicating  that  a  swollen 
'altered  granule'  has  already  fused  with  the  plasma 
membrane  and  therefore  already  has  a  pore  open  to 
the  cell  exterior,  came  from  the  study  by  Rohlich  et 
al.  (1971).  By  using  extracellular  markers,  they  con¬ 
cluded  that  the  swollen  'altered  granules'  contain 
pores,  and  are  first  found  in  the  periphery  of  the 
mast  cell  following  stimulation  to  secrete  histamine. 
This  contradicted  earlier  observations  in  which  en¬ 
larged  granules  were  also  found  deep  within  the 
mast  cell  when  low  concentrations  of  histamine 
liberators  were  used  (Bloom  &  Haegermark,  1967; 
Bloom  &  Chakravarty,  1970).  The  important  ques¬ 
tion  here  is  not  whether  swollen  activated  granules 
can  be  found  deep  within  a  stimulated  mast  cell, 
but  rather  whether  granule  enlargement  can  pre¬ 
cede  pore  formation. 

As  the  concept  of  an  osmotic  gradient  becomes 
more  implicated  in  the  mechanism  of  membrane 
fusion,  it  is  evident  that  granule  enlargement  might 
reflect  an  increase  in  osmotic  pressure  within  the 
granule.  In  an  effort  to  define  the  role  of  an  osmotic 
gradient  in  exocvtosis,  Finkelstein  et  al.  (1986)  re- 
centlv  posed  the  question  whether  granule  swelling 
can  occur  prior  to  its  fusion  with  the  plasma  mem¬ 
brane  during  exocvtosis.  This  question  cannot  be 
clearly  answered  from  the  existing  literature,  parti v 
due  to  the  confusion  between  the  use  of  the  terms 
'swollen  granule'  and  'altered  granule'.  The  granule 
may  be  considered  as  having  two  components 
which  function  independently:  the  limiting  peri¬ 
granular  membrane  and  the  granule  matrix.  The 
condensed  granule  matrix  is  probublv  the  site  of 
high  osmotic  pressure  which  occurs  as  a  result  of 
decondensation  during  activation.  The  osmotic  gra¬ 
dient  is  generated  across  the  perigranular  mem¬ 
brane. 

We  approached  this  question  bv  simultaneously 
subjecting  adjacent  thin  and  semi-thin  sections  of 
the  same  granule  to  u 1 1 ra struct u ra  1  examination  and 
to  metachromatic  light  microscope.  This  enables  us 
to  identify  whether  the  perigranular  membrane  has 
fused  with  the  plasma  membrane.  Bv  applying  the 
same  technique  to  serial  sections  ot  an  activated 
granule,  we  concluded  that  perigranular  membrane 


enlargement  can  indeed  precede  pore  formation. 
Furthermore,  the  degree  of  membrane  enlargement 
can  far  exceed  what  is  permitted  by  the  simple 
stretching  of  a  membrane  bilayer.  Such  an  extensive 
increase  in  surface  area  can  only  occur  when 
accompanied  by  an  insertion  of  additional  bilaver 
into  the  perigranular  membrane. 

Materials  and  methods 

Cell  fractions  enriched  with  connective  tissue  mast  cells 
were  obtained  from  low  speed  centrifugation  (30g,  10 
min)  of  peritoneal  lavages  from  male  Sprague-Dawlev 
rats  obtained  through  the  NIH  animal  centre  (Bethesda,  MD, 
USA).  After  one  wash  in  Hank's  balanced  salt  solution 
(HBSS,  Gibco,  Grand  Island,  NY,  USA),  mast  cells  (about 
2  X  10'Vml)  were  activated  by  dispensing  them  into  a  bio 
volume  of  compound  A23187  solution  (from  Calbiochem, 
serially  diluted  in  HBSS)  such  that  the  final  concentration  of 
compound  A23187  in  the  reaction  mixture  equalled  0.5 
pg/ml.  After  incubation  at  20'  C,  the  reaction  was  terminated 
bv  an  addition  of  an  equal  volume  of  ice-cold  4%  glutaralde- 
hvde  in  100  mM  sodium  cacodvlate  and  4  mM  magnesium 
chloride.  Unactivated  mast  cells  (control)  were  obtained  by- 
adding  the  glutaraldehvde  fixative  solution  prior  to  the 
A23187  treatment.  Following  glutaraldehvde  fixation, 
samples  were  post-fixed  with  1%  osmium  tetroxide.  After  a 
routine  acetone  and  propylene  oxide  dehydration  series, 
specimens  were  embedded  in  Epon  812  according  to  the 
standard  procedure.  Adjacent  thin  and  semi-thin  sections 
were  obtained  using  a  Reichert  OM  U.3  ultramicrotome. 
Serial  sections  were  picked  up  with  slotted  formvar  coated 
grids  with  a  carbon  backing.  After  grid  staining  with 
Reynold's  Lead  Citrate  and  Uranyl  Acetate,  specimens  were 
examined  using  a  Philips  400  electron  microscope.  Meta¬ 
chromatic  staining  of  the  adjacent  semi-thin  section  was 
done  by  exposing  the  section  on  a  glass  slide  to  several  drops 
of  l°u  Toluidine  Blue  aqueous  solution  and  warmed  at  about 
50° C  for  about  1  min.  After  rinsing,  the  slide  was  mounted 
with  a  cover  glass  using  I’ermount  and  examined  under  a 
Zeiss  Ultrophot  II  microscope.  Colour  micrographs  were 
obtained  using  Kodak  Ektachrome  4x5  professional  film. 

Results 

The  ionophorv  A23187  has  been  used  for  studying 
mast  cell  granule  exocvtosis  (Kagayama  &  Douglas, 
1974).  It  has  the  advantage  of  having  a  slower  time 
course  for  histamine  release.  Fig.  1  shows  both  an 
ultrastructural  image  and  a  light  micrograph  ot  cor¬ 
responding  adjacent  thin  and  semi-thin  sections  of 
a  quiescent  rat  peritoneal  mast  cell.  The  ultra- 
structural  image  (Fig.  la)  shows  that  the  unactivated 
granules  are  amorphous  and  extremely  electron 
dense.  Ihe  perigranular  membrane  which  sur¬ 
rounds  each  granule  matrix  is  so  tighth  apposed  to 
the  surface  ot  the  granule  matrix  that  it  otten  can¬ 
not  be  distinguished  from  it  I  he  ad|acent  semi-thin 
suction  ot  the  same  quiescent  granule  show  n  in  Fig. 
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la  is  seen  in  Fig.  lb  stained  with  the  metachromatic 
dye,  Toluidine  Blue.  All  quiescent  granules  stain 
dark  purple.  The  absence  of  metachromasy  in  these 
granules  indicates  that  they  contain  histamine,  and 
therefore  cannot  have  formed  a  pore  with  the  plas¬ 
ma  membrane  to  communicate  with  the  cell  ex¬ 
terior. 

Fig.  2  shows  images  of  adjacent  thin  and  semi- 
thin  sections  of  a  cell  after  incubation  with  com¬ 
pound  A23187  for  5  min.  The  ultrastructural  image 
(Fig.  2a)  shows  many  enlarged  granule  matrices, 
especially  those  near  the  plasma  membrane.  They 
take  on  the  appearance  of  'altered  granules'  similar 
to  those  reported  in  the  literature  (Bloom  &  Haeger- 
mark,  1%5;  Rohlich  ct  til.,  1971;  Anderson  ct  til., 
1974;  Uvnas,  1982).  Many  of  the  'altered  granules' 
with  dispersed  matrices  also  have  their  perigranular 
membranes  fused  with  each  other  to  form  common 
membrane-lined  vacuoles.  Some  of  the  vacuoles 
clearly  have  already  fused  with  the  plasma  mem¬ 
brane.  These  same  'altered  granules'  also  exhibit 
metachromasv  and  stain  pink,  as  seen  in  the  light 
microscopic  image  of  the  adjacent  semi-thin  section 
(Fig.  2b).  Since  only  those  granules  which  exhibit 
metachromasy  have  lost  their  histamine,  it  suggests 
that  all  the  altered  granules  with  dispersed  matrices 
have  established  channels  (pores)  of  communication 
with  the  cell  exterior.  In  contrast,  those  granules 
which  stained  dark  purple  still  retained  their  hista¬ 
mine,  and  therefore  have  not  fused  with  the  plasma 
membrane. 

Fig.  3  shows  several  images  from  a  series  of  serial 
sections  of  a  cell  incubated  with  compound  A23187 
for  30  s.  The  serial  sections  of  the  activated  granule 
shown  in  this  figure  are  composed  of  15  thin  sec¬ 
tions  of  about  80  nm  (silver  section)  and  a  semi-thin 
section  of  about  240  nm  (blue  section).  Figs.  3b, d 
are  thin  sections  (10th  and  12th  respectively)  adja¬ 
cent  to  the  semi-thin  section.  The  semi-thin  section, 
the  I  1th  section  ot  the  series  (Fig  3c),  was  stained 
with  loluidine  Blue  to  see  it  the  activated  granule 
has  developed  a  channel  or  pore  which  communi¬ 
cates  with  the  outside.  As  can  be  seen,  all  the 
granules  in  this  cell  still  stained  dark  purple,  and 
even  those  showing  their  perigranular  membranes 
already  lifted  from  their  matrices  still  have  not 
fused  with  the  plasma  membrane.  !  his  strongly 
suggests  that  the  perigranular  membrane  of  the 
activated  granules  can  enlarge  prior  to  fusion  with 
the  plasma  membrane.  I  he  extent  of  the  perigranu¬ 
lar  membrane  enlargement  ot  the  activated  granule 
shown  m  lag.  can  he  approbated  when  the  gra 
mile  is  reconstructed  from  the  measurements  ol  the 
gr.  ule  diameters  derived  Ironi  eai  h  section  in  the 
series  dag  I)  It  is  bear  that  during  this  earlv  stage 
ot  granule  aitivation.  the  perigranulai  membrane 
i  an  near!',  double  m  diameter,  w  hile  the  granule 


matrix  remains  relatively  condensed.  The  fact  that  the 
condensed  granule  has  been  shown  to  retain  its  hista¬ 
mine  content  further  supports  our  conclusion  (Uvnas, 
1982). 


Discussion 

It  is  well  established  that  after  a  granule  membrane 
fuses  with  the  plasma  membrane,  a  rapid  cation 
exchange  mechanism  results  in  a  decondensation  or 
apparent  swelling  of  the  granule  matrix  with  hista¬ 
mine  release.  In  an  effort  to  define  the  role  of 
osmotic  pressure  in  membrane  fusion  during  exocv- 
tosis,  the  question  has  been  raised  as  to  whether  a 
granule  can  also  'swell'  prior  to  fusion  with  the 
plasma  membrane.  By  applying  both  ultrastructural 
and  metachromatic  staining  techniques  to  adjacent 
thin  and  semi-thin  sections,  we  have  demonstrated 
that  the  perigranular  membrane  can  indeed  enlarge 
prior  to  fusion  with  the  plasma  membrane  (pore 
formation).  This  means  that  the  perigranular  mem¬ 
brane  can  also  enlarge  before  granule  matrix  un¬ 
ravelling.  This  perigranular  membrane  enlargement 
may  reflect  a  surge  in  intragranular  osmotic  press¬ 
ure  which  triggers  a  rapid  influx  of  water  into  the 
granule  following  granule  activation.  Evidence 
which  supports  this  interpretation  has  already  been 
suggested  (Chock  &  Chock,  1985;  Schmauder- 
Chock  &  Chock,  1985).  Our  findings  can  be  partly 
taken  as  supporting  evidence  for  the  thesis  of  Fink- 
elstein  cl  til.,  who  proposed  a  role  for  osmotic 
pressure  in  facilitating  membrane  fusion  (Cohen  cl 
til.,  1982;  Finkelstein  cl  til.,  1986).  However,  the 
extensive  membrane  enlargement  observed  here  tor 
the  activated  granule  can  not  be  explained  bv  mere 
osmotic  stretching  of  the  perigranular  membrane 
alone.  As  seen  in  Fig.  4,  the  si/e  reconstruction  of 
the  serially  sectioned  activated  granule  shown  in 
big.  3,  the  perigranular  membrane  diameter  has 
enlarged  from  0.72  1.2  iim.  This  represents  a  trebl¬ 
ing  of  the  perigranular  membrane  surface  area. 
Since  bilaver  membrane  cannot  stretch  bcvond  2 
3",,  of  its  original  surface  area  (Kwok  &  Evans, 
1981),  this  tremendous  increase  in  surface  area  fol¬ 
lowing  granule  activation  requires  additional  mem 
brane  from  another  source.  The  evidence,  which  sug 
gests  the  occurrence  ot  a  new  membrane  assembly 
as  part  of  the  mechanism  tor  granule  activation,  has 
been  previously  reported  (C  hock  &  Sehmauder- 
C  hock,  1 985).  rins  rapid  assembly  ot  new  mem¬ 
brane  requires  the  storage  ot  membrane  precursor 
element'-  such  as  phospholipids,  cholesterol  and 
glvcolipid  within  the  quiescent  granule.  In  support 
ol  this  we  have  results  which  suggest  that  the 
average  quiescent  granule  contains  sufficient  phos¬ 
pholipid  to  accomplish  a  lour  told  expansion  ol  its 
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surface  area  (Chock  &  Schmauder-Chock,  1987). 
Evidence  which  suggests  the  presence  of  phospholi¬ 
pid  in  other  secretory  granules  has  been  reported 
before;  however,  their  exact  amounts  were  difficult 
to  quantitate  due  to  the  difficulty  in  obtaining 
purified  quiescent  granules  (Blaschko  et  a\.,  1967; 
Helle,  1968;  Marcus  et  al.,  1969;  Simson  et  at.,  1973). 

Confusion  surrounding  the  term  'swollen'  gra¬ 
nule  may  stem  from  a  lack  of  awareness  that  the 
granule  consists  of  two  components:  the  perigranu- 
lar  membrane  and  the  granule  matrix.  They  can 
enlarge  independently  except  that  the  granule  mat¬ 
rix  can  only  enlarge  (unravel)  following  pore  forma¬ 
tion.  As  a  result  of  activation,  the  perigranular 
membrane  rapidly  enlarges.  Initially,  this  event 
mav  represent  membrane  stretching  due  to  in¬ 
creased  intragranular  osmotic  pressure.  However, 
this  stretching  can  account  for  no  more  than  2-3% 
of  the  surface  area  increase.  The  tremendous  mem¬ 
brane  enlargement  observed  here  can  only  be 
accomplished  by  the  insertion  of  additional  mem¬ 
brane  which  sustains  the  continous  enlargement  of 
the  perigranular  membrane  until  a  fusion  event 
occurs.  During  the  period  of  membrane  enlarge¬ 
ment,  the  granule  matrix  remains  quite  condensed. 
Occasionally  the  matrix  takes  on  a  dappled  appear¬ 
ance  when  examined  ultrastructurallv  at  this  stage. 
This  may  represent  a  reorganization  of  matrix  com¬ 
ponents.  The  fusion  event  is  marked  with  a  loss  of 
histamine  and  a  rapid  unravelling  and  enlargement 
of  the  matrix. 

The  large  degree  of  perigranular  membrane  en¬ 
largement  observed  here  raises  the  question  as  to 
the  purpose  of  such  a  mechanism  in  exoevtosis. 
Since  secretory  granules  do  not  undergo  Brownian 
motion,  and  the  cytoplasmic  milieu  might  prevent 
their  free  movement,  granule  membrane  expansion 
can  serve  as  a  mechanism  bv  which  the  activated 
granule  can  approach  and  make  contact  with  the 
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plasma  membrane  in  order  for  fusion  to  occur. 
Granule  membrane  expansion  not  only  promotes 
contacts  between  the  activated  granule  and  the 
plasma  membrane,  it  also  increases  the  probability 
of  its  contact  with  neighbouring  granules.  The  fu¬ 
sion  between  granules  can  result  in  the  formation 
of  a  membrane-lined  common  vacuole  which  also 
has  the  advantage  of  rapid  washout  of  granule 
mediators  following  pore  formation.  The  insertion 
of  new  membrane  which  enables  the  granule  to 
expand  might  also  aid  in  the  process  of  fusion, 
since  the  new  membrane  might  be  fusogenic. 

Conclusion 

By  subjecting  adjacent  thin  and  semi-thin  sections 
of  an  activated  granule  to  ultrastructural  examina¬ 
tion  and  metachromatic  staining,  respectivelv,  we 
have  found  that  the  perigranular  membrane  of  an 
activated  granule  can  enlarge  prior  to  fusion  with 
the  plasma  membrane.  Since  the  extent  of  this 
membrane  enlargement  can  far  exceed  that  which  is 
permitted  by  the  physical  stretching  of  a  bilaver,  it 
is  postulated  that  insertion  of  additional  membrane 
into  the  expanding  perigranular  membrane  must 
have  occurred  during  granule  activation.  This 
finding  is  consistent  with  our  previous  conclusion, 
that  new  membrane  assemble  is  an  inherent  step  in 
the  mechanism  of  exoevtosis. 
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Fig.  1.  Images  of  the  adjacent  thin  (a)  and  semi-thin  (b)  sections  of  an  unstinuilated  mast  cell  (a)  Electron  micrograph  of  the 
thin  section  of  an  unactivated  mast  cell  reveals  manv  dense  osmophilic  granules  m  the  ectoplasm  The  perigranular 
membranes  of  the  quiescent  granules  are  tightlv  apposed  to  their  matrices  and  are  often  difficult  to  discern.  The  insert 
represents  a  x  2  6  magnification  of  the  granule  indicated  bv  the  arrow,  (b)  Light  micrograph  of  the  adjacent  semi-thm 
section.  The  quiescent  granules  appear  purple  or  dark  blue  when  stained  with  Toluidine  Blue  Scale  bars:  him 
Fig.  2.  Images  of  adjacent  thin  and  semi-thin  sections  of  a  histamine-releasing  mast  cell,  (a)  Ultrastructural  image  ot  the  thin 
section  of  a  mast  cell  incubated  with  compound  A23187  lor  3  mm.  Manv  altered  granules'  with  dispersed  matrices  are 
found  in  large  vacuoles.  One  altered  granule,  at  the  lower  right  hand  corner  (arrow),  is  being  extruded  from  the  vacuole, 
(b)  Light  micrograph  of  the  semi-thin  section  adjacent  to  the  thin  section  shown  in  (a).  All  altered  granules',  as  seen  in  (a I 
with  dispersed  matrices,  are  stained  metachromaticallv  pink  with  Toluidine  Blue  T  his  confirms  that  thev  hav  e  lost  their 
histamine  content  and  thus  must  possess  pores  communicating  with  the  cell  exterior  Scale  bars:  lum 
Fig.  3.  Selected  images  from  serial  sections  of  an  activated  granule  (arrow).  The  mast  cell  was  activated  bv  a  30  s  incubation  at 
20c  C  in  the  presence  of  0.3  ug  ml  of  compound  A2.3I87.  (a)  is  the  image  of  the  6th  section  of  the  series,  u  hile  (b).  (c)  and 
(d)  are  images  of  the  10th,  1  Ith  and  1 2th  sections  of  the  series,  respectivelv.  The  semi-thin  section  (ci  was  stained  with 
Toluidine  Blue  The  fact  that  all  granules,  including  the  activated  swollen’  granule  (arrow  I.  stain  purple  suggests  that 
fusion  with  the  plasma  membrane  has  not  occurred  Scale  bars:  him 
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INTRODUCTION 

Prostaglandins  (PGs)  are  extremely  diverse  in  their  pharmacological  activities. 
They  exhibit  both  antagonistic  as  we11  as  cytoprotective  properties  in  the  patho¬ 
genesis  of  inflammation.  Participation  of  PGs  as  chemical  mediators  in  the 
regulation  of  immune  responses  and  inflammation  are  increasingly  apparent  (1-3). 
The  antagonistic  properties  of  PGs  have  been  implicated  in  a  varety  of  symptoms 
resulting  from  exposure  to  ionizing  radiation.  Post  irradiation  increases  in  small 
bowel  motility  (4).  diarrhea,  flatulence,  abdominal  pain  (5),  mucositis  (6),  and 
esophagitis  (7,8)  have  been  attributed,  in  part,  to  excessive  PC  production. 

In  contrast,  exogenous  PGs,  particularly  of  the  E  type,  have  been  shown  to  be 
cytoprotective  against  a  variety  of  damaging  agents,  and  a  deficiency  of  endo¬ 
genous  PG  has  been  suggested  to  contribute  to  increase  susceptibility  to  injury  (9- 
17).  These  findings  have  provided  much  of  the  impetus  to  examine  the  potential 
cytoprotective  effects  of  PGs  in  radiation  injury. 

Cells  in  Culture 

Perhaps  the  earliest  report  of  a  cytoprotective  effect  of  prostaglandins 

against  ionizing  radiation  was  demonstrated  by  Prasad  ( 1 8).  PGE  |  (10  pg/ml)  added 

to  Chinese  hamster  ovary  (CHO)  cells  in  cultures  I  or  4  hours  before  x-irradiation 

increased  cell  survival  and  colony  forming  ability  approximately  2-fold,  but  was 

ineffective  if  added  I  or  4  hours  after  irradiation.  He  proposed  that  the  observed 

radioresistance  with  PGE  |  pretreatment  may  be  through  stimulation  of  adenylate 

cyclase  and  subsequent  elevation  of  cylic  AMP.  Several  years  later,  Lehnert  (19) 

investigated  the  possible  relationship  between  agents  known  to  elevate  cyclic  AMP 

and  cell  radiosensitivity.  Addition  of  PGE  |  to  the  culture  medium  modified  the 

survival  of  Chinese  hamster  V-79  cells  after  x-irradiation  by  increasing  the 

shoulder  portion  of  the  survival  curve.  Since  the  compound  was  not  present  in  the 

medium  at  the  time  of  exposure,  the  possibility  of  a  direct  radioprotective  effect 

was  ruled  out.  It  was  concluded  that  the  effects  of  PGE.  |  are  the  result  of  elevated 

intracellular  cyclic  AMP,  and  that  cell  survival  is.  in  part,  dependent  on  the 

relationship  between  these  levels  and  radiosensitivity. 
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Not  all  reports  show  PG  induced  radioprotection.  Millar  and  Jinks  (20)  found 
that  Chinese  hamster  cells  (line  V79-753B)  exposed  to  I  pg/ml  PGE|  or  10  pg/ml 
PGA2  for  20  hours  then  subjected  to  gamma  irradiation  from  a  o  source  were 
not  ottered  in  radiosensitivity.  The  authors  did  not  observe  any  increase  in 
radiation  sensitivity  with  inhibition  of  PG  synthesis  by  pretreatment  of  this  cell 
line  with  nonsteroidal  antiinf lammatory  drugs  (21,22),  but  glucocorticoid  pre¬ 
treatment  increased  radiation  resistance  (22).  Hanson  and  Ainsworth  (23)  reported 
that  16,16-dimethyl  PGE2  (2  Pg/ml)  added  to  CHO  cells  2  hours  prior  to 
gamma  irradiation  did  not  confer  radioprotection.  Similar  results  were  obtained  by 
Holahan  and  coworkers  (24)  using  exponentially  growing  synchronous  or  asynchro¬ 
nous  V79-A03  cells  pretreated  with  14  pM  PGE2  for  2  hours  prior  to  x-irradiation, 
even  though  intracellular  levels  of  cyclic  AMP  were  elevoted  by  PC.E2  pretreat¬ 
ment  (E.  V.  Holahan,  personal  communication).  However,  PGE  2  did  radioprotect 
asynchronous  cells  or  cells  irradiated  in  the  Gl  or  S  phase  and  exposed  to  N-ethyl- 
maleimide,  a  nonspecific  thiol-binding  radiosensitizer.  Recovery  was  not  inhibited 
by  incubation  with  buthionine-S,R-sulfoximime,  a  glutathione  synthetase  inhibitor. 
These  results  suggest  that  glutathione  content  is  not  associated  with  the  radiopro¬ 
tective  effect  of  PGE2-  (E.  V.  Holahan,  personal  communication).  The  studies  of 
Millar  and  Jinks  (21,22,25)  also  suggest  a  lack  of  a  direct  role  for  elevoted 
glutathione  content  in  the  enhancement  of  radiation  resistance  of  steroid,  flurbi¬ 
profen  or  PG-treated  cells. 

Hinz  and  Dertinger  (26)  demonstrated  that  V-79  cells  grown  as  spheroids  could 
be  protected  from  photon  irradiation  with  PGE|.  Etowever,  if  these  cells  were 
grown  as  monolayers,  no  PG-induced  protection  was  conferred.  Honson  and  co¬ 
workers  (27)  also  demonstrated  PG-induced  radioprotection  with  16,16-dimethyl 
PGE2  pretreatment  of  human  melanoma  (M-!)  cells  grown  as  spheroids  and  exposed 
tn  I  37Cs  gamma  radiat'On.  No  PG-induced  radioprotection  was  seen  in  melanoma 
grown  as  single  cells.  These  findings  suggest  a  role  for  cell  contoct  in  the 
protection  from  radiation  treatment  and  the  possibility  that  membranes  of  cells  in 
contact  may  be  altered  by  PG  treatment. 

Walden  and  coworkers  (28)  recently  demonstrated  a  decrease  in  cellular  radio- 
sensitivity  of  Chinese  hamster  lung  fibroblast  (V79A03)  cells  treated  with  leuko- 
triene  (LTC4,  2.5  pM)  for  two  hours  prior  to  10  Gy  x-irradiation.  Similar 
modification  of  radiosensitivity  was  demonstrated  for  LTl  4  but  not  for  LTD/j.  This 
is  the  first  report  of  a  derivative  of  the  lipoxygenase  pathway  of  arachidonic  acid 
metabolism  modifying  the  radiosensitivity  of  mammalian  cells. 


Local  Irradiation 


Clinical  studies  on  the  role  of  PG  in  radiotherapy  ore  reviewed  in  another 
section  of  this  volume.  As  with  cells  in  culture,  there  is  only  tentative  or  scant 
evidence  in  the  literature  suggesting  that  PG  treatment  can  protect  against  local 
radiation  injury.  Northway  and  colleagues  (7)  evaluated  PGE2  and  indomethacin  as 
potential  cytoprotective  agents  of  the  esophageal  mucosa  against  radiation  injury. 
Opossums  received  subcutaneous  (sc)  injection  of  5  or  10  - g/kg  16,16-dimethyl 
PGE2  I  hour  before  irradiation  and  every  4  hours  for  24  hours  postirradiation;  or 
indomethacin  (sc)  before  or  daily  for  one  week  postexposure.  Animals  received 
2.25  Gy  gamma  radiation  from  a  ^Co  source,  delivered  to  the  entire  esophagus  in 
a  single  dose.  PG-treoted  animals  had  an  increase  in  the  severity  of  radiation 
esophagitis,  while  indomethacin  treatment  ameliorated  the  symptoms  and  severity. 
Similiar  results  were  seen  with  aspirin  or  hydrocortisone  treatment  (8).  They 
suggested  that  PG  may  mediate  the  inflammatory  response  resulting  from  radiation 
injury  and  that  steroidal  or  nonsteroidal  antiinflammatory  drugs  or  other  pharma¬ 
cological  modulation  of  endogenous  PG  synthesis  may  be  of  clinical  prophylactic 
value. 

In  a  preliminary  report  by  Delaney  (29)  intraper itoneal  administration  of  either 
1 6, 1  o-dimethyl  PGI-2  or  PGL2  (100  or  250  p  g/kg,  respectively)  to  rats  one  hour 
prior  to  receiving  15  Gy  abdominal  x-irradiation  did  not  alter  the  mortality  curve. 
Uribe  et  al.  (30)  studied  oral  16,16-dimethyl  PGE2  administration  as  a  potential 
protective  agent  against  the  damaging  effects  of  local  x-irradiation  to  the 
abdomen.  The  mucosa  from  the  small  intestine  was  examined  in  rats  administered 
PG  at  24.  8  and  0.5  hours  prior  to  exposure  and  16  and  24  hours  following  abdominal 
exposure  to  10  Gy.  The  mucosal  crypts  and  villi,  3  days  postirradiation,  showed 
better  preservation  in  rats  treated  with  low  doses  of  16,  16-dimethyl  PGE2  (100- 
200  ;; g/kg).  Mucosal  damage  was  exacerbated  in  animals  which  received  PG  doses 
exceeding  400  L.g/kg,  similar  to  the  increased  severity  of  radiation  esophagitis 
occurring  in  PG- treated  opossums  (7). 

flie  effect  of  PGf  2  on  radiation  injury  to  the  small  intestine  was  olso 
examined  by  1  homas-dr  la  Vega  and  coworkers  (31).  Rats  were  administered  50  'jg 
PGl  2  sr  one  fiour  before  unci  24  hours  after  10  or  15  Gy  gamma  irradiation  (*^^Cs) 
of  an  exteriorized  segment  of  the  ileum.  Morphometric  and  mitotic  (recovery) 
measurements  i  and  5  days  post irradiat ion  demonstrated  a  cytoprotective  effect  of 
PC’, |  2  on  exteriorized,  irradiated  ileal  tissue.  1  he  authors  suqqested  that  the 
exogenous  addition  of  PG  may  coriect  a  post  irradiat  ion  depletion.  This  mechanism 
appears  unlikely  in  view  of  the  reported  increases  in  PG  activity  in  the  small 


intestine  following  radiation  exposure  (4).  A  possible  role  of  PG  in  intestinal 
cellular  regeneration  following  radiation  exposure  has  also  been  postulated  (4). 
Whole  Body  Irradiation 


Investigators  hove  only  recently  examined  the  use  of  PG  os  a  potential  raoio- 
protectant  against  the  effects  of  whole  body  exposure  to  ionizing  radiation.  In  an 
earlier  study,  however,  Gidali  and  Feher  (32)  examined  the  post-radiation  effect  of 
PGE2  on  the  regeneration  of  hematopoietic  cells  (CFU-S).  Gamma-irradiated  mice 
were  treated  with  0.1  u  g/g  PGE2  24  hours  after  whole  body  exposure  to  350  rads. 
The  kinetics  of  CFU  regeneration  were  not  improved,  even  with  -epeated  PGE2 
administration  postexposure.  These  findings  suggested  that  exogenous  PGt2.  after 
radiation  insult,  does  not  induce  the  proliferation  of  hematopoietic  stem  cells. 

PG  administration  has  been  demonstrated  to  improve  intestinal  stem  cell 
survival  and  renewal  (33-35),  bone  marrow  CFU-S  surv,  nl  (34,36)  and  animal 
Survival,  if  given  shortly  before  radiation  exposure.  Hanson  and  Thomas  (33) 
examined  the  cytoprotective  effect  of  PG  on  intestinal  clonogenic  cell  survival. 
Mice  were  given  16,16-dimethyl  PGE2  sc  to  the  dorsal  neck  region  I  hour  before 
whole  body  dose  of  I^Cs  gamma  rays.  Four  days  after  irradiation,  a  segment  of 
the  jejunum  was  evaluated  for  regenerative  foci  of  epithelium.  The  intestinal 
clonogenic  cells  showed  an  increase  in  both  the  shoulder  ond  the  slope  of  the 
radiation  survival  curve.  The  radioprotective  effect  increased  with  PG  doses 
ranging  from  I  to  10 y  g  and  plateaued  at  doses  of  10-100  pg.  Radioprotection  was 
conferred  within  5  minutes  of  PG  administraf ion;  maximal  protection  was  observed 
with  administration  I  hour  prior  to  irradiation.  No  radioprotection  of  intestinol 
microcolonies  was  seen  if  16,16-dimethyl  E2  was  given  4  or  more  hours  prior  to 
exposure,  or  given  after  irradiation.  Natural  PGE2  also  increased  cell  survival,  but 
to  a  lesser  degree.  No  radioprotection  was  seen  with  PGE  |  ( I  - 1 00  f  g)  given  before 
exposure.  However  misoprostol,  a  synthetic  analog  of  PGE  | ,  exceeded  the 
radioprotective  activity  of  16,16-dimethyl  PGF-2  (35).  Intestinal  stem  cell  survival 
was  increased  nearly  600%  with  25  ug  misoprostol  given  two  hours  prior  to 
exposure. 

Hanson  and  Ainsworth  (34)  also  demonstrated  rodioprotection  of  bone  marrow 
stem  cells  (Cf  U-5)  with  PG  pretreatment.  Cell  suspensions  prepared  from  femurs 
of  mice  previously  given  5  ug  16,16-dimethyl  PGE2  sc  I  hour  prior  to  whole  body 
u  o  gamma  radiation  were  injected  via  tail  vein  into  letholly  irradiated  recip¬ 
ients.  The  (  F  U-S  survival  (estimated  by  spleen  colony  counts  8-10  days  post- 
irradiation)  showed  an  increase  in  both  shoulder  and  slope  of  the  curve  from  PG- 
t rented  animals.  At  504,  CF  tJ-S  survival,  dimethyl  PGEy-induced  rodioprotection 


gave  a  dose  modification  factor  of  1.85.  This  protection  was  qualitatively  similar 
to  that  seen  for  PG-induced  radioprotection  of  intestinal  stem  cells  (34).  The  to¬ 
day  radiation  lethality  (LDso^  was  also  '"creased  24%  in  PG-treated  mice.  The 
authors  suggested  that  the  mechanisms  of  PGE2-induced  radioprotection  of  the 
intestinal  cell  renewal  system  and  bone  marrow  CFU-S  survival  may  be  through  the 
induction  or  accumulation  of  elevated  intracellular  sulfhydryl  compounds  (33)  and 
increased  intracellular  cyclic  AMP  levels  (34).  Higher  in  vivo  intestinal  radio¬ 
protection  is  conferred  with  misoprostol,  compared  to  PGE  | ,  PG£  2  ond  14, 16- 
dimethyl  PGE2  (35).  These  results  show  that  side  chain  modifications  increase  the 
radioprotective  properties  which  contribute  to  enhanced  cell  survival. 

Recently.  Walden  and  colleagues  have  examined  the  radioprotective  properties 
of  16,16-dimethyl  PGE2  on  mouse  survival  (36,37).  The  extent  of  rodioprotection 
was  dependent  on  the  dose  and  time  of  administration.  Optimum  protection  was 
achieved  with  40  ug  PG  given  sc  30  minutes  prior  to  whole-body  exposure  to 
gamma  radiation  from  a  6OC0  source.  Under  these  conditions,  a  dose  reduction 
factor  of  1.72  was  achieved.  Lesser  doses  of  PG,  or  earlier  administration  prior  to 
irradiation  were  less  effective.  Similarly,  postirradiation  injection  (5-60  minutes) 
of  10  yg  PG  was  ineffective  in  increasing  survival.  Distribution  and  metabolism  of 
16,16-dimethyl  PGE2  in  plasma,  bone  marrow  and  spleen  at  5,  30  and  60  minutes 
postinjection  were  also  examined.  During  this  time  plasma  levels  of  PG  remained 
constant,  organ  concentrations  increased,  and  most  of  the  16,16-dimethyl  PGE2 
remained  unmetabolized.  Dimethyl  PGE2  was  also  found  to  enhance  splenic  CFU-S 
survival  in  a  dose-dependent  manner.  The  authors  suggest  that  the  radioprotective 
benefits  of  16,16-dimethyl  PGE2  result  from  physiologic  changes  (i.e.,  hypotension 
and  extravasation)  modulated  by  the  synthesis  or  release  of  intermediary 
compounds  such  as  erythropoietin,  non-protein  sulphydryls  and  cyclic  AMP. 
Another  noteworthy  observation  was  the  ineffectiveness  of  16,16-dimethyl  PGE2 
obtained  as  an  oil  dissolved  in  friacefin,  compared  to  that  obtained  os  on  oil  and 
subseguently  dissolved  in  ethonol.  Dimethyl  PGE2  dissolved  in  trincetin  was 
substantially  less  radioprotective  in  both  animal  survival  studies  and  CFU-S 
survival  in  spleen.  The  reasons  for  these  differences  are  not  known;  however,  they 
should  be  considered  when  interpreting  the  literature  on  PG-induced  radio¬ 
protection. 


Modulation  of  Substrate  Availability 


The  exacl  mechanisms  regulating  the  release  of  'ne  20-carbon  essential  fatty 


acid,  arachidonate,  upon  cell  stimulation  (irradiation  or  otherwise)  are  not 


completely  known.  The  essential  fatty  acids  are  precursors  of  the  eicosanoids 


(prostaglandins,  leukotrienes,  lipoxins  and  related  substances).  They  also  partic¬ 
ipate  in  membrane  bilayer  fluidity  and  viscosity,  thereby  exerting  effects  on 
membrane  proteins  and  intrinsic  enzymes  and  molecule  translocation  or  channel 
formation  across  cell  membranes.  Modification  or  depletion  of  essential  fatty 
acids  has  been  shown  to  change  phosophol ipid  fatty  acid  composition,  inhibit 
cyclooxygenase  activity  and  alter  both  cyclooxygenase  and  lipoxygenase  products 
(reviewed  in  38-41).  The  modulation  of  substrate  availability  by  dietary  fatty  acid 
modification  offers  another  approach  to  the  evaluation  of  eicosanoid  synthesis  in 
the  biological  response  to  radiation  exposure. 

Cheng  et  al  (42,43)  examined  the  effect  of  a  fat-free  diet  only,  or  a  daily 
dietary  supplement  of  10  mg  methyl  linoleate  or  2%  cotton  seed  oil  (approx.  SO1),, 
linoleate),  on  fatty  acid  deficient  rats  subjected  to  repeated  whole-body  x- 
irradiation  of  3  Gy.  Tatty  acid  deficient  animals  were  more  radiosensitive  than 
those  whose  diets  were  supplemented  with  linoleate.  The  authors  suggested  that 
the  protective  effect  relates  to  the  correction  of  the  nutritional  requirements  of 
essential  fatty  acids  by  linoleic  acid.  Tssential  fatty  acid  deficiency  has  been 
shown  to  result  in  decreased  PG  production  (44,45).  Although  dietary  enrichment 
with  linoleic  acid  may  have  effects  unrelated  to  arochidonote  metabolism,  lino¬ 
leate  supplementation  has  been  shown  to  increase  PG  production  (46,47). 

Intraperitoneal  injection  of  I  ml  of  olive  oil  (mixed  glycerides,  primarily  oleic 
acid)  I  hour  before  or  30  minutes  after  lethal  whole-body  x-irradiation  of  mice  was 
found  to  modestly  increase  animal  survival  over  the  LDyj/30  of  controls  (48).  The 
authors  speculated  that  the  therapeutic  effect  of  ip  administered  fats  on  letholly 
irradiated  animals  may  partially  overcome  the  malnutrition  arising  from  the 
inability  to  utilize  orally  administered  fatty  acids.  Oleic  acid  dietary  supplements 
do  not  cause  a  change  in  eicosanoid  levels  (PGL2,  Txl32  and  LTIi^)  in  the  rat  (49). 

In  a  preliminary  report  (29),  Delaney  suggests  that  essential  fatty  acid 
deficiency  reduces  radiation-induced  mortality.  F  atty  acid  deficient  rots  exposed 
to  14  Gy  x-rays  or  I  I  Gy  from  a  4  MeV  linear  accelerator  in  a  single  dose  to  the 
abdomen  had  increased  Survival  compared  to  animals  on  the  control  diet.  The 
author  suggests  that  the  enhanced  survival  is  related  to  chronic  PG  depletion  by  a 
fatty  acid  deficient  diet. 


SUMMARY 


More  than  a  decade  has  past  since  the  first  reports  suggested  that  exogenous 
eicosanoids  modify  cellular  radiosensitivity  and  increase  cell  survival.  Since  then, 
it  has  become  evident  that  cells,  tissues,  and  whole  organisms  differ  in  radiosensi¬ 
tivity  and  in  the  capacity  of  PG  to  confer  radioprotection.  The  majority  of  the 
studies  indicate  administration  of  PG  postexposure  does  not  modify  rodiosensitivity 
or  enhance  survival,  and  in  fact  may  exacerbate  symptoms  of  radiation  injury. 
Exogenous  PG  administered  prior  to  exposure  to  ionizing  radiation  has  given  mixed 
results  in  cell  cultures  or  with  local  irradiation.  Similiarly,  studies  on  the  effect  of 
dietary  fatty  acid  modification  or  depletion  on  animal  rodiosensitivity  are  incon¬ 
clusive.  More  recently,  whole  body  irradiation  experiments  have  demonstrated 
significant  PG-induced  radioprotection  of  bone  marrow,  intestinal  stem  cells  and 
animal  survival.  These  studies  have  primarily  focused  on  natural  and  synthetic  PGs 
of  the  E  series.  However,  newer  synthetic  analogues,  such  as  misoprostol,  with  a 
longer  duration  of  action  (and  possibly  fewer  adverse  effects),  suggest  the  potential 
for  improving  the  radioprotective  properties  of  PGs  by  side  chain  modifications. 

The  mechanism(s)  of  PG-induced  radioprotection  are  postulated  to  be  through 
biochemical  and  physiologic  cell  changes  modulated  by  some  intermediary 
compound(s).  This  intermediary  substance  is  most  frequently  suggested  to  be 
cyclic  AMP,  however  erythropoietin,  superoxide  dismutase,  non-protein  sulfhydryls. 
glutathione  and  others  have  been  proposed.  Although  the  mechanism  remains 
unresolved,  PG-induced  radioprotection  may  have  important  implications  for 
patients  receiving  radiation  therapy  for  cancer.  PCs  are  secreted  by  a  number  of 
tumors  (50-S4),  and  may  contribute  to  radioprotection  of  malignant  cells,  reducing 
the  therapeutic  benefits  of  radiotherapy. 
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BACKGROUND 

Johnston  Atoll  is  a  small  group  of  four  islands  about  800  miles  southwest  of  Hawaii 
(Figure  1).  The  main  island,  Johnston  Island  (Figure  2),  is  about  2  miles  long  and 
0.75  miles  wide.  The  other  three  islands  are  smaller  and  are  used  mainly  as 
wildlife  refuge  areas.  The  atoll  has  been  under  United  States  military  control  since 
the  early  1930's  and  is  currently  administered  by  the  Defense  Nuclear  Agency 
(DNA)  of  the  Department  of  Defense.  In  1962,  during  the  testing  of  high-altitude 
nuclear  detonations,  a  missile  failed  at  lift-off.  To  prevent  any  nuclear  yield,  the 
test  device  was  command-detonated,  resulting  in  plutonium  contamination  of  the 
launch  site.  Although  no  nuclear  tests  were  conducted  after  1962,  the  facility  was 
operated  under  strict  radiological  controls  until  decommissioned  in  1977. 
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Figure  1.  [s Lands  of  Johnston  Atoll 

When  the  launch  facility  was  deactivated,  almost  all  the  missile  components  wem 
decontaminated  and  removed  from  the  site.  However,  the  remaining  structures 
could  not  be  decontaminated  economically.  Included  in  these  structures  were  the 
launch  erector  base,  missile  shelter  building,  two  large  steel  revetments,  fuel  tank, 
liquid  oxygen  tank,  and  the  launch  pad  itself  (Figure  3).  The  launch  pad  was 
approximately  138  feet  long  by  25  feet  wide  and  up  to  1  foot  thick  in  some 
sections.  Partially  covering  the  launch  pad  was  the  missile  shelter  building,  which 
was  a  barnlike  structure  resting  on  steel  wheels  guided  by  typical  railroad  tracks. 
The  building  consisted  of  a  steel  frame  covered  by  honeycomb  panels  of  metal 
sheet  and  cardboard  spacers.  Before  a  missile  was  launched,  the  shelter  was  driven 
back  about  100  yards;  the  missile  was  then  raised  to  the  vertical  position  and  fired. 


On  either  side  of  the  moveable  missile  shelter  were  revetments  constructed  of 
steel  piling  and  thick  steel  roof  plate  covered  with  asphaltic  material.  The  interior 
and  exterior  walls  were  about  4  feet  apart,  and  the  space  between  was  filled  with 
aggregate  coral.  These  revetments  stored  control  and  diagnostic  missile  equipment 
and  protected  vehicular  trailers  (which  also  stored  missile  equipment)  from  the 
blast  and  heat  of  the  missile  launches.  Situated  near  the  revetments  about  5  feet 
below  grade  were  the  large  fuel  tank  and  liquid  oxygen  tank  (Figure  4).  The  tanks 
were  mounted  on  concrete  pads  surrounded  by  embankments  constructed  of  loose 
gunite  concrete.  Also  on  the  site  were  four  28,000-gallon  water  tanks  (installed 
after  the  launch  failure);  several  small  concrete  pads;  and  arrays  of  cable  trenches, 
conduits,  metal  piping,  and  electrical  cables. 


Figure  4.  Below-grade  liquid  oxygen  tanks  and  28, 000-gailon  water  tanks 


During  the  years  the  facility  remained  in  use,  missile  launches  and  the  harsh  ocean 
atmosphere  chipped  and  degraded  the  paint  used  to  fix  the  contamination  in  place. 
In  addition  to  routine  maintenance  of  the  facility,  radiological  safety  procedures 
required  frequent  collection  of  the  paint  chips  and  repainting  of  the  surfaces  to 
ensure  that  the  contamination  remained  fixed.  When  the  site  was  decommissioned 
and  the  majority  of  missile  components  were  removed,  general  maintenance  at  the 
site  was  discontinued,  necessitating  an  increase  in  the  radiological  main'enance  of 
the  facililv. 


By  1980,  there  had  been  significant  deterioration  of  the  metal  structures  at  the 
launch  site.  Concerns  were  raised  that  a  strong  typhoon  might  destroy  the  facility 
and  redistribute  the  contamination  to  uncontrolled  areas.  To  protect  against 
further  damage  from  severe  weather  conditions,  the  two  large  steel  revetments 
were  dismantled  and  placed  inside  the  moveable  missile  shelter  (Figure  5).  At  that 
time,  a  comprehensive  radiologic  survey  was  completed  to  determine  the  extent  of 
contamination.  Most  of  the  contamination  was  fixed  to  the  steel  revetments,  the 
doors  of  the  moveable  shelter  building,  and  the  launch  pad.  It  consisted  mainly  of 
plutonium  isotopes  and  an  americium  impurity  (americium-241)  typically  present 
with  plutonium.  The  americium-241  impurity  is  a  daughter  product  of  piutonium- 
241,  which  decays  with  a  13. 2-year  half-life.  The  primary  radiations  from  these 
contaminants  were  alpha  particles,  characteristic  X  rays  from  the  most  abundant 
plutonium  isotope  (plutcn'um-239),  and  60-keV  gammas  from  the  americium-241. 
Because  the  photon  radiation  was  low  and  did  not  have  much  penetration  ability, 
the  major  health  hazard  was  from  the  intake  of  alpha-emitting  plutonium  and 
americium  isotopes. 


Figure  5.  Remains  of  steel  revetments  stored  in  missile  shelter  building 


I’l.ANNINC 

With  tl.e  '•oo.plct  ion  of  the  survey,  several  options  for  decontamination  were 
considered.  Among  these  were  entombing  the  entire  launch  facility  in  concrete, 
dismantliig  the  faeilitv  and  storing  the  debris  locally  on  .lohnstoii  Atoll,  and 
dishe:"'  bug  the  lacilitv  and  transporting  the  waste  to  a  disposal  site  in  the 
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continental  United  States.  The  final  option  was  favored  because  it  would  reduce 
the  need  for  further  maintenance  and  radiologic  controls  at  the  site.  Also,  this 
option  would  enable  the  soil  cleanup  to  proceed,  allowing  more  efficient  use  of  the 
very  limited  land  space  on  Johnston  Island.  A  disposal  permit  was  requested  and 
granted  from  the  Department  of  Energy,  and  an  environmental  assessment  was 
performed.  It  was  concluded  that  packaging  the  debris  and  transporting  it  from 
Johnston  Atoll  to  the  continental  United  States  storage  site  would  have  no 
significant  impact  on  the  environment. 

A  comprehensive  operations  plan  was  then  developed,  which  exactly  outlined  how 
the  cleanup  operation  would  be  accomplished  and  indicated  the  time  allotted  for 
each  segment  of  the  project.  Responsibilities  for  logistical,  radiation  safety, 
financial,  and  transportation  aspects  of  the  project  were  designated  in  the 
operations  plan.  Overall  management  of  the  project  was  the  responsibility  of  the 
DNA  Health  Physicist,  who  also  served  as  the  Radiation  Safety  Officer  for  the 
operation.  Funding  was  obtained  from  the  Department  of  Defense  Environmental 
Restoration  Fund,  which  is  comparable  to  the  Environmental  Protection  Agency's 
"super  fund."  Personnel  10  perform  the  dismantling,  packaging,  and  transport  were 
provided  from  several  sources.  DNA  provided  military  health  physicists  to  assist 
the  Project  Officer  by  serving  as  Assistant  Radiation  Safety  Officer,  and  enlisted 
members  of  the  U.S.  Air  Force  Military  Airlift  Command  provided  radiation  safety 
technician  support.  The  Air  Force  personnel  were  trained  as  explosive  ordnance 
disposal  specialists,  with  radiation  safety  as  a  collateral  duty.  The  actual 
disassembly  of  the  facilities  and  the  packaging  of  debris  were  performed  by  the 
Johnston  Atoll  operating  contractor  with  assistance  from  a  subcontractor,  who 
removed  the  contaminated  concrete  surfaces.  The  Military  Sealift  Command, 
which  is  controlled  by  the  Military  Traffic  Management  Command,  transported  the 
debris  from  Johnston  Atoll  to  the  continental  United  States.  Finally,  a  commercial 
trucking  company  provided  the  overland  transportation  to  the  storage  site. 

rhere  was  continuous  coordination  with  the  agencies  mentioned  above  (Department 
of  Energy.  Military  Sealift  Command,  Military  Traffic  Management  Command. 
USAF,  etc.)  before  and  during  the  operation.  In  addition,  coordination  was 
effected  with  appropriate  elements  of  the  Environmental  Protection  Agency  and 
state  radiological  safety  offices.  A  public  affairs  plan  also  was  developed  to 
provide  prompt  and  accurate  response  to  questions  from  the  public.  This 
painstaking  planning  and  coordination  were  necessary  to  ensure  that  all  state  and 
federal  laws  and  regulations  were  followed  in  all  phases  of  the  operation. 

REGULATIONS  OF  DEPARTMENT  OF  TRANSPORTATION  AND  NEVADA  TEST 
SITE 

Based  on  the  measurements  of  the  1980  radiologic  survey,  it  was  presumed  that 
most  of  the  contaminated  material  would  fall  under  the  Department  of 
Transportation  (DoT)  category  of  low  specific  activity  (ESA)  material.  According 
to  DoT.  plutonium-contaminated  material  may  qualify  as  ESA  in  one  of  two  ways. 
First,  ESA  material  may  be  nonradioactive  material  externally  contaminated  with 
an  activity  of  less  than  100  nCi/cm^  when  averaged  over  a  square  meter.  Second, 
plutonium  may  be  uniformly  distributed  throughout  a  volume  of  nonradioactive 
material  if  the  average  activity  is  less  than  100  nCi/g.  Because  ESA  materials  are 


considered  inherently  safe  to  transport,  they  are  excepted  from  the  DoT  require¬ 
ments  of  specification  packaging,  marking,  and  labeling  if  transported  as  an 
exclusive-use  shipment  in  strong,  tight  containers  so  that  there  are  no  leakage  of 
radioactive  materials  and  no  shifting  of  lading  under  normal  conditions  of  transpor¬ 
tation.  A  shipment  is  for  exclusive  use  if  the  transport  conveyance  is  used  solely 
by  a  single  consignor.  The  conveyance  can  be  a  freight  container  for  highway 
transport,  or  a  hold  or  defined  deck  area  for  ship  transport.  In  addition,  there  must 
be  no  significant  surface  contamination  on  the  packages  and  no  loose  radioactive 
material  in  the  conveyance.  Finally,  the  transport  vehicle  must  bear  the  yellow- 
black-and-white  RADIOACTIVE  placard,  and  each  package  must  be  labeled  "Radio¬ 
active  -  LSA."  Any  material  that  did  not  meet  the  LSA  criterion  was  expected  to 
be  packaged  in  DoT  Type  A  shipping  containers  (specified  type  7A  55-gallon 
drums).  The  DoT  criterion  for  use  of  a  Type  A  container  is  that  the  activity  in 
each  package  must  be  less  than  2  mCi.  If  a  material  was  so  "hot"  that  it  exceeded 
the  criterion  for  the  Type  A  container,  then  it  would  be  packaged  in  drums  and 
stored  in  a  secure  place  on  Johnston  Island,  pending  ultimate  disposal  at  a  DOE 
waste  isolation  pilot  plant.  In  addition  to  the  DoT  regulations,  the  contaminated 
material  had  to  meet  the  Nevada  Test  Site  (NTS)  criterion  for  low  level  waste. 
That  is,  activity  in  each  container  had  to  be  less  than  100  nCi/g.  where  the  mass 
includes  all  materials  buried. 


EXECUTION 


CONCEPT  OF  OPERATION 

The  basic  assumption  of  this  operation  was  that  all  materia!  on  the  site  was 
contaminated,  until  measurements  proved  otherwise.  Before  the  disassembly 
began,  the  structures  and  equipment  left  on  the  site  were  evaluated  to  determine  if 
they  could  be  salvaged.  Several  items  (such  as  the  fuel  tank,  liquid  oxygen  tank 
and  water  tanks,  and  copper  cabling)  were  still  serviceable,  and  their  decontamina¬ 
tion  would  be  relatively  easy.  However,  most  of  the  structures  wore  severely 
rusted  and  corroded,  and  it  was  considered  more  economical  to  dispose  of  them 
than  to  attempt  their  decontamination. 

To  ensure  that  the  nonsalvageable  contaminated  materials  met  the  DoT  and 
storage-site  requirements,  the  structures  on  the  Launch  Emplacement  Site  1 
(excluding  the  concrete  pads)  were  first  disassembled  and  cut  into  workable  D/es 
(Figures  5  and  7).  When  possible,  the  debris  was  cut  into  pieces  about  B  feet  by  H 
feet  to  conserve  space  in  the  freight  containers.  Because  there  were  so  many 
different  tvpes  of  debris  (pipes,  cabling,  ladders,  railroad  ties.  etc.),  the  sizes  ol 

the  out  pieces  varied  greatly.  Each  piece  Was  then  cleaned  aim  painted.  I  he 

debris  was  painted  to  effectively  fix  any  remaining  contamination  in  place, 
meeting  the  Do  t  requirement  that  there  be  no  loose  contaminants.  1 1 1 •  ■  In. is,, 
(iunite  concrete  could  be  broken  up  into  workable  pieces  and  processed  in  the  -nine 
manner  as  the  structural  debris.  However,  it  was  not  practical  to  renew..  the 
massive  concrete  pads.  Instead,  only  the  contaminated  siirlaces  were  removed 
through  a  process  called  scabblmg.  in  which  the  top  layers  wa  re  chipped  ,wa\. 
that  material  was  then  stored  in  55  gallon  drums.  I'he  scabbling  process,  described 

below,  result  i  .cl  m  nibble  wD  •  contamination  w  a  -  umformU  dnt  n!  Mite,;.  Helen- 
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packaging,  all  debris  was  monitored  by  counting  the  60-keV  photons  from 
americium-241,  using  either  an  intrinsic  germanium  detector  or  a  sodium  iodide 
detector  with  a  well-defined  source-detector  geometry. 

Structural  debris  meeting  the  LSA  criteria  was  loaded  onto  large  (20  feet  long  by  8 
feet  wide  by  9  feet  high)  dry-cargo  freight  containers  (Figure  8),  and  the  concrete 
rubble  and  any  Type  A  material  were  loaded  into  55-gallon  drums.  The  freight 
containers  were  lined  with  plywood  on  each  of  the  six  surfaces  to  prevent 
puncturing  of  the  walls,  and  were  braced  to  prevent  settling  or  rearrangement  of 
the  contents  during  shipment.  These  containers  served  as  both  package  and 
transport  vehicles  for  the  bulk  LSA  material.  One  freight  container  was  dedicated 
to  the  material  packaged  in  the  55-gallon  drums,  and  for  these  materials,  the 
freight  containers  served  only  as  the  transport  vehicle.  Detailed  records  were  kept 
of  the  material  and  the  total  amount  of  activity  loaded  into  each  container  so  as 
not  to  exceed  the  DoT  or  the  Nevada  Test  Site  criterion.  The  freight  containers 
were  shipped  from  Johnston  Island  to  the  Naval  Construction  Battalion  Center  in 
Port  Hueneme,  California,  and  then  were  transported  by  truck  to  the  disposal  site 
at  the  Nevada  Test  Site. 
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FLOW  PATTERN  OF  DEBRIS 


The  missile  launch  facility  was  located  on  the  northern  shore  of  Johnston  Island, 
the  main  island  of  the  atoll.  Prevailing  winds  blew  from  east  to  west;  residential 
and  most  work  areas  on  the  island  were  upwind  from  the  launch  site  (Figure  9). 
The  layout  of  the  site  was  organized  to  establish  an  efficient  flow  pattern  for  the 
removal  of  the  contaminated  materials.  The  different  processing  stations  were 
arranged  so  that  they  were  crosswind  of  each  other.  The  break  area,  storage  shed, 
and  laundry  trailer  were  all  upwind  cf  the  contaminated  area;  a  road  barrier  and 
open  water  were  downwind  of  the  site. 
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Figure  9.  Layout  of  cleanup  site 


The  first  step  in  the  removal  process  was  to  reduce  the  materials  to  workable 
sizes.  The  debris  was  cut  into  smaller  pieces  using  acetylene  torches,  saws,  and 
chipping  hammers.  After  the  materials  were  cut,  they  were  either  steam  cleaned 
or  rinsed  with  a  high-pressure  water  hose  to  remove  any  loosely  bound  contami¬ 
nant,  paint,  or  dirt.  The  material  was  then  loaded  onto  a  clean  pallet  and  moved  to 
the  painting  area.  At  this  station,  any  remaining  contamination  was  fixed  in  place 
with  a  thick  coating  of  black  piling  paint  or  white  or  yellow  road-striping  paint 
(which  was  outdated  and  not  suitable  for  road  use)  (Figure  I II).  After  all  the 
exposed  surfaces  were  [tainted,  the  materials  were  sent  to  the  exit  hot  line  for 
delivery  by  forklift  to  the  counting  site  (Figure  II).  Before  leaving  the  contami¬ 
nated  urea.  the  debris  was  smear -monitored  lo  check  for  loose  contamination. 


1  V 


The  counting  area  was  about  800  feet  east  of  the  launch  site  and  was  chosen  for  its 
relatively  low  background  radiation.  When  the  pallets  reached  the  counting  area, 
they  were  laid  out  in  rows  (Figure  12),  and  each  piece  of  debris  was  numbered 
(Figure  13).  To  locate  areas  with  high  levels  of  contamination,  a  preliminary 


Figure  12.  Debris  laid  out  in  rows  at  counting  area 


Figu-f.  i  Numbers  painted  on  each  pallet  of  debris  for  identification 


survey  was  performed  over  the  surface  of  each  piece  with  a  modified  F1DLER 
(field  instrument  for  detection  of  low-energy  radiation).  The  FIDLER  used  for 
screening  had  a  2-inch-diameter  sodium  iodide  crystal  connected  to  an  analog 
ratemeter  and  earphones,  and  the  window  was  set  to  detect  the  60-kcV  photons 
from  the  americium-241.  When  "hot  spots"  were  located,  they  were  marked  with 
spray  paint  and  counted  separately.  The  activity  on  each  piece  (and  hot  spot)  was 
measured  using  the  germanium  detector  (Figure  14)  or  the  backup  sodium  iodide 
detector.  The  counting  system  is  discussed  in  detail  below. 


Figure  14.  Monitoring  pallet  of  debris  with  germanium  detector  system 


After  counting,  the  materials  that  met  the  ESA  criterion  were  loaded  into  the 
freight  containers,  and  the  physical  dimensions  (weight,  length,  and  width)  and  a 
brief  description  of  the  material  were  recorded  in  the  packaging  logbook. 
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DECONTAMINATION  OF  CONCRETE  PADS 


As  mentioned  above,  the  large  concrete  pads  were  decontaminated  instead  of 
removed  from  the  site,  because  the  launch  pad  and  the  pads  beneath  the  fuel  tank 
and  liquid  oxygen  tank  were  far  too  massive.  To  significantly  reduce  the  waste 
volume,  it  was  decided  to  remove  only  the  contaminated  surfaces.  This  was 
accomplished  through  the  scabbling  process,  in  which  the  proximate  concrete 
surface  was  hammered  away.  The  scabbling  device  had  five  heads  with  carbide- 
tipped  nipples  that  were  used  to  finely  chip  the  concrete  surface  to  about  a  7-mm 
depth.  A  wooden  box  enclosed  the  chipping  head  to  prevent  dispersal  of 
contaminated  concrete  chips  and  dust.  The  box  was  continuously  evacuated  to  a 
cyclone  separator,  which  deposited  the  heavier  particles  into  a  55-gallon  drum 
through  an  HEPA  (high-efficiency  particulate  air)  vacuum  system.  While  most  of 
the  concrete  rubble  was  removed  by  the  cyclone  separator,  a  small  amount  (about 
5%)  remained  in  the  HEPA  filter  system.  The  filters  were  later  disposed  of  in  the 
55-gallon  drums.  A  Vacublaster  was  used  to  decontaminate  the  cracks  and 
expansion  joints  in  the  concrete  pads.  Before  using  the  Vacublaster  on  the 
expansion  joints,  the  joint  filler  material  was  removed  and  disposed  of  in  a  55- 
gallon  drum.  The  Vacublaster  used  a  narrow  nozzle  to  propel  steel  shot  onto  the 
concrete  to  wear  away  a  few  millimeters  at  a  time.  The  concrete  debris  and  used 
steel  shot  were  then  vacuumed  up  by  the  Vacublaster  through  the  HEPA  system. 
Most  of  the  shot  was  then  recycled  by  the  Vacublaster  for  continued  use.  A 
quantitative  assessment  of  the  amount  of  contamination  removed  from  the  pad  was 
obtained  through  the  use  of  the  intrinsic  germanium  counting  system  (discussed 
below  in  Radiation  Measurements  section).  The  pads  were  monitored  after  the 
scabbling  and  use  of  the  Vacublaster,  and  these  processes  continued  until  the 
contamination  was  below  the  minimum  detection  limit  of  the  counting  system 
(about  10  nCi/cm^).  After  the  concrete  pads  were  successfully  decontaminated, 
they  were  covered  with  a  layer  of  "clean"  dirt  to  prevent  recontamination. 


MEASUREMENTS  OE  RADIATION 

The  quantitative  measurements  were  performed  using  a  high-resolution  germanium 
detector  coupled  to  a  portable  multichannel  analyzer.  As  a  backup,  a  FIDLER  with 
a  13-cm  sodium  iodide  crystal  connected  to  a  scaler  was  used  with  the 
multichannel  analyzer.  (Note  that  similar  systems  have  been  used  in  other  cleanup 
operations.)  The  backup  FIDLER  was  needed  toward  the  end  of  the  operation  when 
the  preamplifier  failed  on  the  germanium  detector.  Both  detectors  were  used  with 
an  11 -inch-long  cylindrical  collimator  so  that  the  field  of  view  was  circular  and 
limited  to  about  35  degrees.  The  detector  in  use  was  suspended  from  a  rope 
attached  to  a  mobile  rig.  This  was  done  to  reduce  the  interference  from 
microphonie  noise  caused  by  the  heavy  equipment  and  aircraft  on  the  nearby 
runway.  To  accommodate  the  wide  range  of  sizes  of  the  contaminated  material, 
the  detectors  could  be  adjusted  from  1  to  6  feet  above  the  ground.  Calibration  of 
the  detectors  was  checked  once  a  day  with  an  americium  point  source,  and 
background  readings  were  taken  at  least  twice  a  day  (before  and  after  counting). 
The  counting  system  measured  the  americium-241  activity  per  area,  and  this  had  to 
be  converted  to  total  transuranie  alpha  activity  from  all  the  plutonium  and 
americium  isotopes.  The  transuranie  activity  of  the  -lohnston  Island  plutonium 
contamination  was  8.7  ‘  2.9  times  the  americium-241  activity. 


The  detector  was  placed  above  the  center  of  a  piece  of  debris  so  that  the  field  of 
view  covered  the  longest  dimension.  If  this  was  not  possible,  either  the  piece  was 
cut  into  smaller  sections  or  more  than  one  count  was  made.  When  a  hot  spot  was 
indicated  on  the  debris,  the  detector  was  placed  above  the  hot  spot  so  that  the 
field  of  view  encompassed  one  square  meter  with  the  hot  spot  in  the  middle.  Each 
piece  was  counted  for  2  minutes,  and  the  material  identification  number,  peak 
display,  and  net  area  counts  were  recorded  on  multichannel  analyzer  minicassette 
tapes.  The  taped  data  were  later  input  and  stored  along  with  the  packaging  data  in 
a  Compaq  Plus  (Houston,  TX)  computer. 

Assessment  of  the  contamination  present  on  the  concrete  pads  was  more 
complicated.  The  pads  were  first  cleaned  with  the  HEPA  vacuum  to  remove  loose 
contamination,  and  then  a  uniform  grid  survey  was  performed.  This  was  accom¬ 
plished  by  dividing  the  pads  into  square  blocks,  6  feet  by  6  feet,  and  sequentially 
numbering  each  block.  Also,  hot  spots  and  hot  lines  (mainly  found  in  the  joints) 
were  identified  with  the  FIDLER  and  numbered  separately.  The  germanium 
multichannel  analyzer  counting  rig  was  rolled  over  the  center  of  each  box,  and 
counting  was  performed  as  described  above.  To  count  the  hot  spots  and  hot  lines,  a 
steel  plate  about  1/4-inch  thick  was  placed  over  the  rest  of  the  block  so  that  only 
the  area  of  interest  was  counted.  Similarly,  when  the  entire  block  was  counted, 
steel  was  placed  over  the  hot  sections  so  that  they  were  not  included  in  the 
counting.  The  data  from  each  block,  hot  spot,  and  hot  line  were  stored  in  the 
computer.  During  the  scabbling  and  Vacublaster  operation,  a  careful  talley  was 
kept  so  that  it  was  known  in  which  drum  each  section  of  concrete  pad  was  stored. 
The  total  weight  in  each  drum  then  could  be  divided  by  the  total  activity  to 
determine  the  activity  per  gram. 

Several  55-gallon  drums  had  been  filled  with  radioactive  waste  from  the  many 
cleanup  operations  over  the  years  at  the  site.  Included  in  this  waste  were  hot 
pieces  of  coral,  americium  smoke  detectors,  and  other  miscellaneous  items. 
Although  this  material  was  already  packaged,  the  amount  of  activity  needed  to  be 
assessed.  This  was  done  by  cutting  the  bottom  6  inches  off  a  55-gallon  drum  and 
filling  it  with  the  contaminated  material.  The  detector  was  then  placed  over  the 
drum,  and  the  calculations  were  performed,  considering  the  material  in  the  drum  as 
a  disc  source.  The  material  was  repackaged  in  55-gallon  drums,  but  the  amount  of 
transuranic  activity  contained  in  each  was  now  known. 


SCREENING  FOR  LSA 

The  amount  of  activity  contained  on  the  different  types  of  debris  was  carefully 
measured  so  that  compliance  with  the  DoT  regulations  could  be  demonstrated.  As 
discussed  earlier,  two  criteria  apply  for  plutonium-contaminated  material  to  be 
considered  LSA:  (a)  nonradioactive  material  that  is  externally  contaminated,  with 
an  activity  of  less  than  100  nCi/cm^  averaged  over  a  1 -square-meter  area,  and  (b) 
contamination  uniformly  distributed  throughout  a  volume  of  nonradioactive 
material  with  an  average  activity  of  less  than  100  nCi/g.  Note  that  the  first 
criterion  was  applied  to  the  painted  structural  debris,  and  the  second  to  the 
concrete  rubble.  A  screening  level  of  50%  of  the  DoT  standards  was  chosen  to  be 
conservative,  that  is,  50  nCi/cm^  for  the  structural  components  and  51)  nGi/g  for 
the  concrete  debris.  As  expected,  almost  all  material  met  this  conservative 
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screening  level.  Only  one  55-gallon  drum  had  to  be  shipped  as  a  Type  A  container, 
and  no  waste  exceeded  the  criteria  for  a  Type  A  container  (less  than  2  mCi  per 
package). 


PACKAGING  AND  SHIPPING 

All  the  bulk  LSA  debris  was  loaded  directly  into  the  reinforced  freight  containers, 
and  one  container  was  dedicated  for  the  55-gallon  drums.  The  debris  counting 
data,  which  had  been  stored  in  the  computer,  were  sorted  by  container  number, 
enabling  printout  of  the  contents  and  weight  of  each  container,  as  well  as  the  total 
activity  and  mass  of  plutonium  contained  in  each.  This  was  a  convenient  method  of 
ensuring  that  each  freight  container  met  the  Nevada  Test  Site  criterion  for  low- 
level  waste  (this  screening  level  was  also  set  at  50  nCi/g).  Before  a  filled 
container  was  moved  to  the  holding  area,  the  door  was  welded  shut  and  the  outside 
of  the  container  was  smear-monitored  to  cheek  for  contamination. 

All  of  the  freight  containers  were  placarded,  and  all  but  the  container  with  the  55- 
gallon  drums  were  labeled  as  radioactive  LSA.  However,  each  drum  containing 
LSA  material  in  this  freight  container  was  labeled  "Radioactive  -  LSA."  A 
commercial  freighter  under  contract  by  the  Military  Sealift  Command  was  used  to 
transport  the  containers  to  the  Naval  Construction  Battalion  Center.  A  Radiation 
Safety  Officer  accompanied  the  shipment  to  monitor  the  containers  in  the  event  of 
container  damage.  Radiation  measurements  of  the  ship  container  storage  areas 
were  made  before  loading  the  containers  aboard  ship  and  after  the  containers  were 
off-loaded.  Radiation  surveys  were  also  conducted  at  the  Naval  Contruction 
Battalion  Center  port  handling  facility  after  the  containers  were  moved  to  the 
waste  site.  The  final  leg  of  the  journey  was  made  by  a  trucking  company,  which 
was  fully  certified  to  transport  radioactive  materials. 


DISCUSSION 

The  cleanup  described  above  was  an  extensive  operation  requiring  resources  from 
many  government  and  civilian  organizations.  Throughout  the  project,  several 
logistical  and  technical  challenges  were  met,  and  some  lessons  were  learned  that 
may  be  of  interest  to  others  beginning  similar  operations. 


RADIATION  SAFLTY 

The  major  radiological  danger  throughout  the  operation  was  the  possibility  of 
inhaling  alpha-emitting  actinide  particles.  1'or  this  reason,  strict  radiological 
control  procedures  were  maintained.  Full  anticontamination  clothing  and  respira¬ 
tors  (Figure  15)  and  full-body  monitoring  with  alpha  detectors  at  the  hot  line 
contributed  to  a  successful  program.  The  airborne  contamination  hazard  normally 
associated  with  winds  was  mitigated  because  of  the  heaviness  of  the  plutonium 
contaminant.  Air  monitors  were  run  continuously  at  30,  50,  and  100  meters 
downwind  of  the  site.  These  read  as  high  as  50  fCi/m^  averaged  over  a  24-hour 
period.  As  expected,  they  gave  high  readings  when  there  was  activity  that  involved 
mixing  up  the  debris  (such  as  torching,  cutting,  and  scabbling)  and  low  readings 
(tens  of  f'Ci/cm^)  when  there  was  not  much  activity.  The  air  monitors  upwind  of 
the  site  typically  read  10-50  fCi  'cm^. 
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Figure  15.  Removing  respirators  at  contamination  hot  line:  Note  use  of  full 
anticontamination  clothing 


All  personnel  were  monitored  with  LiF  dosimetry  to  document  the  external 
exposure  received  during  the  project.  A  24-hour  urine  specimen  for  each  person 
was  taken  for  radioanalysis  before  working  at  the  site  and  after  conclusion  of  the 
job.  The  thermal  luminescent  dosimeters  and  the  urine  samples  were  processed  by 
the  Air  Force  at  the  Occupational  Environmental  Health  Laboratory.  The  results 
indicated  that  no  external  or  internal  doses  were  received  as  a  result  of  the 
operation. 

The  laundry  trailer  was  used  to  return  uncontaminated  and  contaminated 
anticontamination  suits  to  use.  After  laundering,  each  piece  was  monitored  with 
alpha  detectors  to  determine  if  it  was  radiological’v  clean.  The  washing  machine 
was  then  smear-monitored  before  another  load  was  started,  and  the  water  from  th° 
washer  was  piped  back  into  the  controlled  area. 
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HEAT  PREVENTION  PROGRAM 

Most  of  the  heavy  labor  was  done  in  full  anticontamination  suits,  including  full- 
face  respirators,  which  caused  serious  concern  for  heat-related  injuries. 
Therefore,  a  heat  prevention  program  was  implemented  and  followed  conscien¬ 
tiously.  A  bottsball  thermometer  was  used  to  indicate  the  heat  conditions.  All 
personnel  wearing  the  protective  clothing  were  briefed  on  the  nature  of  heat 
illness,  means  of  notifying  personnel  when  the  temperature  is  critical,  proper 
response  to  be  taken  for  various  temperature  conditions,  and  appropriate  first  aid 
for  a  heat-related  casualty.  Intake  of  water  and  the  work-rest  cycles  were  based 
on  the  bottsball  temperature  (Figure  16).  These  measures  proved  to  be  effective, 
as  there  were  no  heat-related  injuries  during  the  operation. 


Figure  16.  Workers  resting  at  rest  area  outside  contamination  hot  line  before  and 
after  working  inside  site 


DECONTAMINATION  OF  EQUIPMENT 

Several  pieces  of  equipment  were  salvaged  from  the  site,  including  fuel  tanks, 
liquid  oxygen  tanks,  water  tanks,  and  some  copper  cabling.  The  equipment  was 
decontaminated  by  steam  cleaning  the  outer  surface  and  then  surveying  and  smear- 
monitoring  it  to  ensure  that  all  contamination  was  removed.  If  the  contamination 
had  not  been  removed,  the  procedure  was  repeated.  Equipment  used  in  the 
operation  (such  as  forklifts),  which  had  to  be  removed  from  the  controlled  area, 
were  treated  similarly.  They  were  surveyed,  smear-monitored,  and  released  after 
negative  results.  If  contamination  was  indicated,  the  equipment  was 
steam-cleaned  and  checked  again. 
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PACKAGING  AND  COUNTING 


A  unique  aspect  of  this  operation  was  the  use  of  freight  containers  as  both  package 
and  transport  vehicle.  This  dual  use  of  the  containers  was  considered  the  most 
efficient  method  of  transporting  the  large  pieces  of  steel  debris,  which  made  up 
most  of  the  contaminated  material.  An  added  advantage  of  these  freight 
containers  was  that  because  of  their  low  cost,  they  were  disposed  of  with  their 
contents  at  the  waste-disposal  site. 

Novel  techniques  were  also  used  to  measure  the  activity  of  all  the  debris  packaged 
and  transported  from  Johnston  Atoll.  This  was  done  through  several  modifications 
of  a  typical  counting  system.  Debris  with  essentially  uniform  surface 
contamination,  volume  contaminated  debris,  and  debris  considered  as  a  disc  source 
were  all  effectively  monitored  to  determine  the  total  transuranic  activity. 


COMPUTER 

A  Compaq  Plus  computer  was  used  with  Symphony  software  (Lotus,  Cambridge, 
MA)  to  store,  reduce,  and  analyze  the  data  collected.  After  an  initial  period  of 
familiarization  with  the  computer  and  software,  the  computer  became  an 
invaluable  tool  and  time-saving  device.  Data  for  each  shipping  container  were 
readily  available,  and  total  amounts  of  volume  and  activity  could  be  easily 
retrieved  from  the  data  base.  In  fact,  the  computer  was  used  to  produce  the 
manifests  for  the  shipping  documents. 


